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Errjitd 



K p-age 30, line i: ^Ihe HOT fwnctipn" should read "tka HCtK 
timet ion". 

2. jjflje 31, line 1; chapter sliould be labeled VH, not VI. 

3^ page 3Lj ttilrd line fr<.im. bhuttCTra: "on tlme^' should b* "of cine". 

4- page 36 H third tine from boCCom; "Similarly the clotk^ NOT 
fuTictioci and MO^ funcCICiTi can be constructed^ ." Thin seeitftnca 
iE not exactly t&rrftct. TruSj the tlocfc and WOT can tw cDTLHtruc- 
tcc as trt cJia^tftr 6. However J due to the one unit Jelay of the 
junction wt*en only a eiogle input is preaent^ the OR aa shown 
thtif* will not work. Although thia can be terrected ty another 
tot>figutaCion, -we will correct it by adding tvo more tranglEion 
ruUSn namely C125t2K2) »nd (2 120I>1) . Tlie new rulea cause thft 
two- input /t«o-otLtE>ut prcjporty of the J (met ion Co ho Id tvsn if 
Cne of the tnEnits is delayed by one tiwe unit. All oeh«r -con- 
ponence o-peifaC'S as before.. T]^& new OR function is Ehown below. 
Itg operation can be verified by tracing through its operation 
STDd reme^nbering that curves {junctions «lth tvo dead-enda) also 
hjvft a Jelay of one unit^ 
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The OR FLinction 



IMFOftMATION PROCESSING AND TRAWSHISSIOH IN CELLULAR AUTOMATA* 

Abstract 



A cellular automaton H en iteretive BfFBy of very simple 
i<i«nticei info-rmatian procflfising maehines MHi^J CtMs, Each ceH 
can cfSramuniHte with neighboring telH. hi dJ^t^ett ntoment? of 
tline the cells can change fro*n one statt to anoth^;r »? a funiction 
af the 5taLe5 of the C£5l and its neighbors. Thus on a global bdSlSt 
tho collection of cells is characterized by some type of bfthavlor. 

The goal of this Invest 1 gstlpn wa^ to determT na jusE how S-TrtioTe 
tfie individual ttlls could ba vjhlla [ha global bahavior achieved some 
specified criterion of tOfuplftxUy -- usually the ability to perform « 
coinpuit at 1 on or to rep rod ut ft JOtflft ■p*ftftf''l' 

The chief result described Ir this theiFs Fa thflt an array of 
fdenttcal square cells (in two driMflsroms), eac*! cell of whFch cam- 
[Minlcates directly with only Ets four nearest edge neighbors and 
each of nhfeh can exist En anly two states, can perforflft any compu- 
tatlOiTir Th I a compytattQn proceeds in a straight forward way, 

A corf igurat ion li a s^cif icat icn of the states of all thft 
ceHs in sorrte SfH of the iterative array. Another result described 
ir this thesis is th* esfistenee of a self-reproducing conf i gurst lod 
in an arraY of four-statt tftlls, S ft'ductlon of four States from thft 
previously known eight- St ate casen 

The tech;nl£|Lje of Information processing In cellijlar arrays in- 
volves the synthesis of some basic components. Then the desired be- 
haviors are obtained by the interconnectior of these cORiponen t s . A 
chapter on components describes some sets of basic components. 

Possible applications of the re&uLts of thfs i' nvest i^at ion p de- 
scriptions of Some interest Tng phenomena (foir vanishingly small cells), 
and Suggestions for further study ar? given later. 



*Tll'l5 report reproduces a thesis of the same title Slibm.rtled to 
tha DicpartrTicnt of i^ch^nlcal Engineering^ Massachusetts Institute 
of Technology, in partial fulfillment of the requirements for t*ie 
degree of Poctor of Philosophy ^ JaPua-ry IS, 1371. 
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I. rHTRajucTion 

Jli@ 1 1 f lea tion. and (joals of this l^search. 

In the future i «KP««t to s«« the deveLoipmerit of a ntw, hl^hlj' 
interidlsclpLliUty fiald of sCmly in this titr^n&h af autCMatd thooiry 
known as csiLular auti^matfi. Appt lea t ions are apparent, at cOnr^B > 
to parallel proceaEing <ci:iii(puCgtar Codid (19'63)'^ Hi^ntitna ttiS benefits 
of ttL^Q^ production dua ta h c)fiiiog ane 1 ty of componenta , tha ability to 
l,nc f 4i^€[^ td 1 ly add conpiib^biQifi po^arj #nd ^e If '"organising macltinas. 
Zuse (l^i?) atid QtherB li^ve. dl^cu^^ed i^elLul^r nxoclel;^ of pbygl^al 
phenoniena and Of pttyaice its a If, VDn N'Sinnann was p tanning 6 neuton- 
like "axcitation- threshold- fat i^e" mo^al g£ lii« cellular automacon 
in connactim with the nervD-ua ayateBi. Thaea ara just a faw areaa 
of application. 

Xtia u^efuloeaa of a cellular modal of Eamettiirig often will 
depend on the aimplicity and unifonnity of the cells. Sliailarly, 
criic models of n^t^re ^pipear more useful -uheti they CL>fi!tl3t of Iriifge 
numbers of simple basic componenta instead t»f the opposite , For 
example j [liiysicists were once happy to believe the universe to he 
campnsed of an enormous number of Just tticee baaie c coup (jciente ; protons^ 
electrcuB and neutrons. Their search for the quark ia an. atteuipt to 
retUi^fL to this condition. Biological cells are another enanple. 

The i^aal of this irvvajsti^ation ^as to determine ho^f aifflp-le the 
cells tould be uhile the R.lobal behavior of th« cisllv-lar ^.rray ^thieved 
opacified degrees i^f cmiplftKity de r»tMISur«d by v«tiOu£ &S.pac£ties for 
universality^ (TKls L6Sm i« dijcu«sed lAterO In tidrCicular, we 
have sought universal tells with as imt itates swid ti4i;^hbor» as 
possible. 



* ^ferencea are liated by author and -date. 



Tt]« chief result ws» the discovery of a mro-diraenB tonal array 
4f tiMe-jt^Ce eelli^, each of ii^lch could cormijunicace vitbi ita four 
•4g*-nftighti-Plf» f fofrntng « ftve-icell. oetghborhood) , which p-oaaeased 
the dbJlLity tJQ per f ami any ccnipuCatLDn (thus fciTmlng a uniyeraa L 
fcrnTifiuteir *). ^l3 reg.ult waa obtaiaed by abiowing that the diffefefnt 
parts of C3ie a? ray CPUld correupcHid to the parta of a digital coin- 
piitftr with itififlitft miwaiy cilpHcity ftnJ al*o to a Turing machine, 
ElOTiFftiffttj thft «etho4 invOliiWd an irtttl*! configuration of atates wicb 
an infinite number df caLl^ in edch iC4£e> 

The undBBif*bla Mquilfwirtnt *£ *tl Iflfirtite tisitlal eon figuration 
was eLiminate^J in dnOthftf cflllTiLor *u tiSnifl tijii by sllpwing another 
Btata per cell. Tliis thfee-Statft uniVfllfAAl Cflmpvter** needed onLy t 
finite initial conf isuiatlon. Increased in iu £o mta t ian iCoraje Spilte 
were obtained by the confi^tiratioo/s "growing" into the aurrounding 
qvJ.aae&nt space , 

Anothat «ucceS4lEul ap^reacH to the finite univeraal computer 
vaa by the enlarfiBEent o£ tho n*l^b*irh«S^ by ^liosfiag the four 
corner-'neigjhbore tB also comiouni-cate with «ach c4ll» The resulting 
tV0-9tate> nine^ne Igbbor automaton functioned siiniLatly CC th« iibove by 
growing into th« iursfouriditi^ spece. 

A cLaBStcAl ftndenver i-a this Area Ls to find a configuration in 
an array of a imp 1ft cftlla whiih Cifl. reproduce itself by growing a 
cona true t ion-arm into the area sti ^ r^und ii^g the CMfiguraticn . Such 
a configuration ±e UEualLy alEO rBqyife4 to bfi 4 untveraai comrputer, 
A four-atatSH f ive-naigjibor seLf-reproducine univeraal computer wfliS 
found and deactibftd--* nfedojeEioti froofl the previously known eight -a tat* 
caaen 

* In thll c^fiter Mn^erliAed teraa are defined in the Glesscry^ 

** ■The Mae of auch terma aa "three-otate univ«rAAl cCinputer" ahould 

hi tnterTi];eted e@ "utiiveraal ceciputar in an array tt£ th¥ee-*tate cella" 

Obviously the total array can have an infliiite fltUBber of atetaa. 



Daflnltiftrt e£ Some terma. 



A.t etiis poMt tlie reader can consider cellulat lutCnUtl to !>• 
latgiB^ C»a ^<] I,m«ns io □& 1 Iterative arrays of simple, £initA-s CACa 
mathines, each of whidh cOrnmurtifiStea with itg four nearest rieigbi- 
bors. TiheEe finite-4tat« rtaehtflts 9r« cpil^d ge lis . In the fol- 
Lolling ilLustration, email nucnbEFS r«prca«nt ihi 5t«t« Qf ench c«lli 
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A FQirtion of a Cellular Array at Time T 

Ac discr-Qlc: [ai^ni^nts o£ time ...,t, t+1 , b+2 , rrr the celLs are 
allowed to chdn^e jt^te according Co a set of state traiaa i Eioa^ rules , 

A typical sucli rule i* illyitrated and e^lained below. 

I 

1 2 1 3 

I 

A Typical TranEition Huls 

The aJjove rule eta tea that every cell in atata "€*' vhe:n iv-V~ 
roundaa by celU in atatea "V\ "V, "T' and "2'' will assume state 
'''3^'^ during the next time period. Notice that the stste of a. ^«ll 
«t time T+1 depends only On the eta tea o£ the cell and of its four 
neighbors at tioH T. A set «■£ &uch tranaUion rulea defines the 
celliilar 3})ace. Also, if A cdll «v4ir «3cl4tS In 4 local atat« con- 
figuration not covared by a transition rula^ than th4 'C4ll Joed AOt 
clung* atatt dturing the next tioia £tap. This convention allows u4 
to dflt Hit the iMJn- trans ttioai nilaa. 

Since the cellular ap4&ftS diseuased Ifl this thesis are isotropic, 
the follcwinE four tfaniitiott rules imply each other. Kotice that 
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1 Q 2 
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10 1' 
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3 2 1 — ^3 

I 

Equivalent Tt'insiti^n Rjiil^s 



1 

2 1 

I 



1 

1 C 1^ 

2 



the left liacid sLd^ of each rule la merely t. r^t^C&d iraa^ &f the 

others Ijnp Lying a rotatton-g-ymraetry ^ cne degree of lefltt'opyr 



EI, fRE:^'IOUS WORE 

John viciD NfumsSDn aiid e;:. f. Qodd hdV£ b£«n th« chi4£ in vQ4i t iga tc re 

of this area. Their books deal idlth the notion^ ^f <:H>ifipMlt4ti4tL 
universality and cods tiijic t ion universality. The foEni'ei^ DQtion 
applies to ceiluLar cod figurat ions uhich cau perforiB ttiy coiapv table 
CQinputatioii. The results of a ccnnputatipn aire £nter|»lf«C«^ from the 
cellular configuration. Con^tructian i^. a tema for cc^fif Igmfaticms tJld t 
can "const pic t" othef con flfiurat tons, stnce Moore'* SieJan-ei-EdBn 
theorem (Miioire 19&1> Imp lie* the non-cowatrtictabillty of *Oinft cOn- 
fl^uifatlOirtSj >« «111 fflot reqatM the ibtlity to tMitfyct 4n^ con- 
figvsrjstl,ofi. Emther* the term Mflivera*! will «pply if thgre asist* 
soiBe coafieuEatlon which can CQfl»ticuct a new eonfi^UMtioo, this now 
eonfie:urBti«Ti b«iii# Able Co cocafivCe 6t\y specifiisd computation. Such 
a universal construe tot must also be able to construct a copy of itself. 

Van IrfeuiBanii ' s primary interest was in finding, a conputation 
wflivers*l cellulaif *pa<& ?Jith 3elf-?e]birodt^ein£ eofifi^vrattiSn* (von 
Nti4ii«flfl 1?&&>. Hi* pArtUuIftf »<iluti£m functtotse^ by g,l;Xiwing art 
am which «ould construct a new passive configuration. Att AC ti va £ iOIA, 
aigl^dl jtent dlon^ Che arm started the ttew con florae Ion op«ral:iA£. 
Hii set of trans itioti mles involved a ftve-Ti«i^bor nfiighborhood 
with tv«3ity-i1.1n» atat*S i>*r ctH. Hia set of transition rules was 
not iBPtfopic t 

1, F, Codd (1^6&) rsducBd the- required number of Etates to 
only eight tor the eerae task. Although his rules possessed a.o pre- 
ferred direction, they did possess a preferred rotation. To explain ^ 
his rt^lBB ellovftd ch4 Atj tC>Tnfltoii to &4nd a sjnnnietric signal down a 
straight arm with ch« rft6v.Lt that vben th^ signal reached the end of 
an arm, a right-hand cdrnftr wOul'd Bppftar--i.i a^ the arm bent to the 
righCn, 

Both von Keuinann and Codd worfcod with Che following requirementa : 



1 Thft eeJ-luLar iBe.ctitne3 bte. initially configurEd in b finite regioD 
c£ the c&llul^r ^ptBC£. |s cith.€T utDxds^ en iy a finite number ii^f 
nun-quL&Stetit (s^^ QlassB.ry') ccILe existed in tfas iQiCiaL con figu- 
re t:L43n+ 

2 ConatructiDci o£ new configur*tiftQJ by d confiftturatlco I9 peir- 
fonnad, into an iniUially qvlMemt rgigtoti of sisace. this re- 
quirement rules out c-cmE tiii-ctiou b^ thft dit-Aabling of pdrt^F 

Codd! (19'6S) has also shovEi tliat two etatts *.r% «uffl«l4tiC £or 
iiniVi^iraality if ttte neighborhDO'd iB sLLcwBd to bft greatly Iticilf^AftAdi. 
In pattlculAIT, h^ LtflS shc^wti that an array oi twc-atata cell^ with 
-eigbcyflviA n4l,{[tlb&ri e^&ti c-fLfL ilcaiiLate h±a LiniversaL aight^statf 
ceils. 

Although it is often tcue chac the procesi ftJ; sljnpllf icatlon 
(.hare the aearch for cells vlth amall Stuce i^aune) yiel<li «««« 
Other AspejCt 'becoraiog more coanpLeK aa in the cdsa of trying to 
find mi4)iiii4l Xuring riLachinea , here the opposite ia true. The 
cutomata described here ate built atOunil A vecy SM^H ntjfnb^r 
of configuratioDS (iDclitding the universal logtc. functl^o,). Also 
tilt tuo-state automaton descfibedt lat«r, iox cxumpl^, b»i only 
thTCE traDsiti<m rules in con'parlaoil Ca Chie tluAdiredg oi SU-lst for 
the Codd aLitDmeton using eight- stAtA c^lli r 

Suith (19&B^ 1^9) has discovered sonie inter As Cin^ chittrems 
^4nc4filii\g the SIMM Lb t ions of Turing machines by cellul&r automata 4 
Although A thirteen-* tested, five -neighbor space described by him ie 
five [DO re etdt€4 than v^sed by Codd, it can simulate a Turing mA^hinC: 
In only two rows of the ^Kt&y. In one dimension, with p reproHenting 
Che neighborhood size and q the number of St;4te» -pec cellg Smith has 
iPUtid the following onE-diiMnSional contputatton uciveifsal p x. q a paces: 
2k40^ 3k13^ 6x7 ^ Si5j S*4, 12i3 » and 14«2 . Hcitice the existence 
o£ 4 univevs^i space with only tuo-neighb^r eells. 

&houp (I97O) has conBi^3e^Bd tho dsBigE ct integifated oLveuits for 
u4e in cellular ai:i:^yi' Not concerning hiiaBelf with univ-ertA lity, he 
wa$r ata\c& Interested in efficient imp leiiientati[>nE of ptactieAl eperatiooe. 
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H«:tic^i& {L^^L) asd [Ijciore (L9'&L} harve. studied tLie LIebI ta t i Dti.t ^jnij 
capabilitlBB o£ (^^ILuLar arrays without regard to the particuLaf 
function. Amoroso, Le lb lien and YSmadi. {l'9^9) hdve at^tenptftd thA 
definition of a jnatheniaCicfll ftamewotk for the f Ptmu lation of quee- 
ClQAS concerning uniform arrays at finite^ a Ca Ce machinea. 

Gt^itw^y (]l'97Q) ti#9 Itivetited a game called Life vhlcli efuployea a 
niiid'n«Lgh)?t>r, t-wfl-S C*te celliilar sp^iicie. Hi? g^tfna ig degtribed in the 
ma themd C Lca I gaTuea aecCion of S tecftnC iasv« e£ th* BclfcciE-ific 
American , William G^ap^tr of MIT hft8 shown Ehe ecmpLitiCitin yn iii-eesality 
of thia apace. Beyer {19^9) h;is Stutliecl eh« uSA Qt cellular attayS 
for pattern recogniticm. HinAky^ft And Ffip«rt^& p«re«pC]rcni (1969} «r« 
related to thia area. Zuae (1969) haa conaidefsd Ehe inodelin; of Ch* 
lo'si o£ -phy^i^;^ with celluldr automats. Smith (197D) haa related 
fotlaal lan^ijii^«8 and cellular atitocata. 

Cc9nS£[Jerii1^ ftellL-Jf^jsvoduciiig pfstteins aj^art from coraputatiou 
uiiiv*t«d 1 1 ty , EdihTdrd Fredklii of iilT has described the following 
iiltftlKJ titi^ cellular s^ace. If tbe atatea are and I add iS th^ 
result state Ls obtained by Caking the «ura of Ch« n e^lgls Iw rs ^ dAodulo 2> 
thtn &fS:xy initial configuration will repr-oduce cc^piea of itself about 
tJlfc tflltiftl configuration. Terry Win&gfad (1*70) gen a ra 1 i s o-d thi* 
r^ult ahgving tliat any ne ighbi?rh^i>d , not just tha fooiit neaf'B.Et 
nAighbors F and any fiLinlier of dimenalone etill yielde the bseis reeultB, 
Purthsr, h* hA« ihO'irti tlmt if there ere p Btataa 0., Ij S^ ..*, p-1 
where p ie a ptim* ninnhftt , thftci tht tws. o£ ESie neighbora modiilo p^ 
is a rule thaC will aiSure self-replication of the pattern in. e finite 
number of time steps « 

Fitrche^ discus a ion of some of these areas wLll follcrv l&CtEi 



n 

111. OOKtONENTS M^ XBCTIflQUIS 

In forma t ic?n TransTniEElD'n. 

The proeaaa of. cocirpuLaticn raquiree tha capacity to move oif 
transmit in forma t ion , One type o£ traaEaLifBi-mi 1$ th$ s^lf- 
propagatins stgnaL, For eKflmpLej in the foLLovtae EiguJr4, It SigDiil 
mule up of three cells in Btates L and 2 i^ilL prati-af^te tc th« 
right given a suitable set of transition ruLaB. 



VJ« will us« tK« convantion ef I at ting both the black and sero 
r4pr€SAd1: a cfiH in ttie qui be cant gtaCs . Fot the ahove signal to 
TBCwe CO thA right p the oeiis ahead of ths signal must become non- 
quLitaceTiC and thft ceLLi curtsintly novered by tha signal miust become 
quifificent. Hhus the following transition ru Les are needed for the 
propagation to occur. fjk five-nel^borhood is a9$Wi4dO 

O 

a -^ Q L Q ^ I (J ^ 1 2 C — ^ 2 

Z 

Ibulea for Destruction Ot Signdl Rules for Creation of Neu SigJielA 

A disadvanca.ge of thie type of informBtion transmission is that 
any two-staCa, five-neighbor version of this "wireless" signal wiLL 
nficeasaifily |h]:op*gaEe t* tht ii4ts alas* du« t« th* neeesslcy e£ tht 
f^ll^vt^S t^^rill-^iotl iruLe. 13^4 K-eJk^^n £«i: fhis L* th«t if » &«ri? ia 

l^-> L 


A lieci^sssry Transition Rule 

front of the signal is Co becoine a one^ then this mle is needed. 
llDw«ver, this tmiA- n^I« tlso tausi^s z^^oi adj^c&nt t^ iht. «id!«« «n4 
b&ok of thft «i^lAL to bsconw Cin«i + 

* The left-hand Side of any rule can be rotated 90^ ISO or 270 deiree* 
or mirrot-reflfrcted aud rotated giving anochfti: valid rule due tc tha 
assumed jtsOtropy of all sutcmata doacri^^d hcrelti. 
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Thti dijddvE)Tita$4 44H not Axlst for wired propagationsi. Tht vit^ 
i« tllTJE One Zfi the comp^jnentB of each, of our c^LUilar duCOniata. The 
fotlcjuing. wire eonfieuifaticm Is tJse oflft actuflJ-ly used for an InflalteLy 
configurfird unlvtrs^L ccwftputer d&SCrSt>frd la tar. 
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A IVD-state Uire and SigDal 

th^ gAp in the wire ia the aigrial. For this aigodL to propagdte to 
the right the foLLowitig trattsiCioti mjlac are nsquired. 

1 1 ^0 1 1 > 1 I 1 >1 

L 1 L 

Create J^eu ^p Fill ^Id Gfp 

The O^neraL TechDique. 

tit show that a att of tranalttoii rwles is tCmiputatton universal 
we wili illuatratfi that «e can eiubad t g^nar^l pur-pose c-Cmpu ca t ion 
system tti the arriy. i:h*t 1** Cher« is ftom* eonf igyration of scatas 

Hhi«h t^t\ iti^ialAte. Lhe coidpvteir systejd. The direct ai^praac^h is 
used. Siftce A ««iiip^t«ti«rifi system fusri b* phySiLctHy builc out «f 
wiree K translBtcrE , etc » it will ba sufficient to shoH Chat there are 
conf igurationa (initial assignments of states to the ceils] that act 
lil^e wireBp etc^^ which can be interconnected to form, the computation 
EVBteQ. (Thla sane approach was used by von Neumann and Codd.) m 
the caseE of those ceiiuLar autoHiata whose in£t£«l eoaftJ5«lfal:iOrt 
li Unite t ve aust ^U^ ^rsvidft fsir extemJlia^ th« Infanndtion capAcitj 
by AXi irbitxary dinOTJiit:i 

[It WAS ^lAlme-d by k, ti, Ti]rin.g and is nov generally accepted 
that a particular very simple corapuCeT u'ith an unlimited supply of 
tap 6 to vfitA on And tsad ffom can cOioputa any computation that is 
effectively computable. '^±s machine i^ called a Turing m.achine. It 
hae been deiaafts tra ted chat today ^s general pusfpose « ociputets cati 
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aiffliilate the opexation of th* TuriAg wi«liin$ if their DemoTy capacity 

is un ]- ias i,t64 - tlW-J we will cmly need to chow the ability t* stmijlAtt 
an sxtt^Sil>iL& general -purpase computer in th^ cdLluLdT drrs^' ] 

A coniplatB c<>n£i^ratiOtl will n-ot be ehown. We will only show 
that a BufflcLent set of b*«ic cOfnfiOrteftti > SU^h aa the above menti-oned 
Wlrss can be confiEured^ En ttit &*se of the univeraal conatructor^ 
fi ftioveable CLonstrLiction aim will also b* needed ^ 

Three basic elesuantB ate nftAdad ia ifLQIt eaiei , the twa-stftte 
ca$« ^4J.i:iS Che except ion, These t±iree elementS^ are che fAiiout Junc- 
tion, the dii^d^end ^ire ^nd the extenaible tapet The juEiAti&El Ifl 
simply Che inCflTsect^on i?£ ft vertical wire with a horiEontal wire + 
Tlie Junction will allow the dup 1 lea C ing or fanntflg-ouC of aignala"l,e, 
A si^al entexlog. any leg of C:he Junction will fajo out the other 
three les& . The junction wt II also serve aa a universal logic functidd^ 
This xequirement ia met if either two or three s Inuj Itaneoua inputs 
(signals) yields no output ufaile sonie other CDDflguratiDD of siniyl- 
taueous iiiputs does yield an output. This is verified in each case^ 

Tbe dead-end Is anocher baaic 6l«m«nt^ By u«lti^ th« de«d-efld 
on two legs of the junction, the curve £s obtained. The diode, or 
one-way ga^tej ia created from basic eleoients as is the crossover « 
"Hh^ l^^ic elefiient (si'^a logous to the transistor)^ used in great 
nu[nb4r4 C^nnecC^iJ by w£ve-», curves and crossovers now allows the 
cOnfi^lTAtiOd Oti ttie aifray of a large eomputaticn systemr The 
es^teoii; i«ii of infofidfttioa capacJLty (s di^cM^^sed later. 

The next chapteJf iA »a Axomplft o£ the dppl£<;etioa oi these 
techniques . 



IS 

IV. AH BftRLY THREE -STATE UMTVEFBAL COMPUTER 

Jja this chapter it uill b^ ehoun that a three -a-tatSf five 
Tici^bor cellular ApUcfl is GCHHputatioa universal. Alttioiigh it. ia- 
^h'Dvn in the next chapter that twu atates are sufficient^ the thr^f^ta: 
cellular ipace wss fecund earlier and veil illustrates the techniques 
emp loyed . 

"the. three Eta tea will he rep^re^^ted hy tl:ie «yiiib«l$ Z, I and 
blwik space or ssvq. Ihe first of stv*r*l needed useful olflnrants 
tB the Vire- A Sl^ec^LAl Junctilon. or fanout slimant and a dead-end for 
the !irire will allov the «tt«linnient of -cur gCal. The axitlvatlon f-Dir 
creating thoaa elamenta is the desire to [asintain an analogy to the 
physicfll wirluB up of finite state msKihinea with wires, trdnsistOTS, 
at-c . The need for a crossover results froen our working in tw-Q- dimefl- 
Bione . 
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A Uire in a liiree State Space 

For tho "LO" signal tfi prcpagate tP the rigjit, the following transition 
rulea dre needed. 
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Prcfpagation Trans itiooi Rules 

Tt will often be necessary to have a branching wire in order to 

£g[id A signal Co Hiore than one place. The Junction has the ;property 

Che t an entering signal will eicit from the other three lege 'Hi the 

configuration. 
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2 
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time ^ t time ■ t4Ji 

Fanning Out of Signel in the Junction Element 



Three miDTe tul66 inud C b« ai^tsd bO «^C4itl ChU «Ctl.4A< 

2 3 1 

12Z ^1 Oli >C3 20L >2 

2 2 L 

E^nooit Traitaitioti RuLu 

The reader ahou [d undetstsTi4 didt «9 rulftS Iir4 «44«4 to «¥««(« 

nev £ LeE^ri ta J Chey mua C not ccnfllct wich previcyaE fu lftE~-4iCh«t 4t:#ted 

tr^ELsltion culea -or implied nan-tfanBition tuIeE^ 

A^ InteTeating ptienomencin In the aeatch iot 'univardAl f^flliiltr 
eomplieaCitig effett 
aUtocaata la the ^ o£ aimpLe curves. In all caees the ussa i(tt & 

slnplfr 'Curve vas cirCLiiavenCed by the uae of the previoiiE fanouC element 

with tiso of the ovtput wiires dead-ended. 

The d&dd-'gii^ i^ s.iC.Tnjf'iy 4 triiticiated i^lre. A sigciai raschlo^ the 

end p£ ttift wit* di*8 rfttlTiOijt ehsnging the length of Che uire. The 

dea-d-end tequiafeft th'S following ryle to be jdded. 


I C £ ^2 



A Tracijltlon Rule Jfeceaaary for Operation of che Dead -end 

cycle 

22222 122 

eye le 1 

eycl« 1 

2 i i ^ 2 2 2 2 

eye Le 3 

Simulatitm cf th4 D**il~enel Wire 

tjbaerving whet happens to thfl J.uncttort elemflsjc when three icifiuta 
exrivE siinu Itanioy* ly , tt L* iesa that tlie three inputs are muCually 
anihilatedr Thifl results frooa transit ion rules already written. What 
hepp^lA 1#h4n tw inputa arrive ainu Itaneoua ly cen laCJ^H te spei^i£ied. 
Thft follflwitig rtg.ht angled, two- input /two- Putput opflifatl-oa can be 
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achieved by adding three addltlcmal rulee 
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E^ules Necessary C'O Cause Thid- Input /Two -OubpuC Operation 
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tiittfc « t + 4 



tlie l^fo-lnput/T^tfCJ-Cmtput Element 

l£ etie ba4 a diode (a aa.&-w&y Rata) then the abflvt twfl-tnpqt/ 
two-ovtfiyC wwiLd be an OR funttio^ti. Hie dlod&s i>*oMld be ^aed to pxeveat 
sigoald from efAVCLirtg OUC the Itljp'utS. UlU functl&n i4 iUusttdt^-d 
later. If wif^d ati rfipr^a^ntdd by llnsEi , curvaa by right angLea , and 
dead-ends by small circles , then the di[>de 1b configured aa faLLoua. 



^ 



aymbcjL 



Ijn4 DiOqIfl 

The reaaoci for the odd shipe is eiKplalAex) by cr«ciQ£ through 

Ita operation. Conalder flrgt a signal etiteriog frem th* right >. It 
£dii9 out three w».ys , one way being dead -ended and one futthar fanning 
out. Finally all three reGiilting siftciaU sii*i ltAn*Oy« iy Jirrivg ac thfl 
left-^oaC junction and are autually anlhllat^d aa peevlou^ly di$ou««4d. 
HOwi^vfit , & signal, entering frCm tha leit Buccgadfln getting 1±Lrough 
iinc* At int^s C tvpi aignali attLvA at any jun-ctlon at once. Knv with 
the diode, che OR tan be tonflguredt 
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A or fl. 



The QE Furbctioii 

AnOCh^if useful ccmfiguratLDCi Lb ttie clock or p^rlo^it eHitt<Oir of 
EignaU. A eignal circling in a Icop -^ILI iend » slgnaL DUt th'S side 
wire, each Cinie avDund^ 
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The Clock 

Now wtEll two tloek* AthJ d <3ioda.i the NOT function (or invertor) 
can be configured. 
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The HOT Punction 

a Al^Hdl 4aCArs> at A, there in no exiting signaL due tc the 
three Input anihilatioa property of the junction^ but In the ahjaence 
of a aiftoal the two clocks will generate iiti outpuc, now due to Uve 
ti#o-Lci|]iit£/t%iu-ouCpLita pirot^erty of the JLihtitiort. 0£ tLO^stt th.« « Lo4k« 
[TrUEt ba Eynchronized with the times aLlowahle for Bignals to be at 
the junction. 
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Tht OR Will WOT fiinctionB ionn « universal pair of Log.le eLements. 
There ia only oti* rematning eLenent^ thexeEorE, and thst ifi tha 
croBaovier, Than the legit can be "Wired", 



A 



to. 
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cut 
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Aym^Ji'l 
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Tha CrcjBHQvar 

Ih^ pvlTp^se Qi t^e CKcessive curving ineldd frAtih tl4Ck 4f Ch4 
CToasDver is C4 fcim a delay^ Thus signal Q entering from ths 
bottom VDuldf fan etiC Ch^ee 'Wa^B . Aut the three pathe ix the A exit 
are equal forcing an unthtlation of »ignalB here due to the three 
siimjLtaneoTJS input anihilatton property of the junction, 

Tbe CTD^Bing r4iquir«S that the h and K Inputs never arrive slimil- 
teneoualy. If one asevma* A cuirt Hmuffl signal apaclng of auffielent 
a lie J tihen the following configuration fraa *lway* te usfid to assure 
non-ei^uLtaneity d£ liipu^tSi 



AV«ldLAg Sirtultiineoua Arrivals 

Ovj.r goal had baan to be able to configure In a fiLtktte apdce i^y 

finite- Btate nachitLfr widi theae eleineiita. In pnrtioulaf , alnC4 vi ca^ 
trftnsmit 4 binary Bipial (pr&BBne* o( ii^al liidlcataa one state, 
atiaenee of signal indicatee oth*r «t^tt) fnam amy area of apace to any 
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other J and sinet signal* C*n be feftmbliiftd by a unlverBal Logic fuaictioti 
auch as the IWR (aeart inji ii«Uliet inpuC preaent), it ia clear thst all- 
the components nec&saasf)' Co conatrutt any g^oerat purpose cccsputer 
are present within ccmfi^uraClOna o£ ataCea in the array. A slap La way 
CCi sticv this univ arsd I i ty ia to ahou that a one-dimens ioE>aL ^vt^y ift 
rt^i^tatt inachines can bns configured fcr any finite value oi -ft- Whdti 
A f,9 Suitably ial^ji^'Q^ It linear Eirray can siTiiuIats the Turing uaachin^- 
Ihla ia pt^BBiblB^ tin example, if each of the aijnuLat&d A-3tat& ladChiilfS 
represents a square of the Turing machine's tape^ but also containing 
die Cinite-4tate uachln* paf t o£ th« Turing machine, 

Alti&md.t4ly^ tha finite eight- state cells of Codd or the tw^mty- 
nlnt-sCBtft c-d^Lls Of von Neumann could be sinulatad. Xhes ^n Avray of 
ainiuXdbed Codd cells ccTuld perfomi Ab described by hiia. 

Several ?l:het: infinitely cC>n£igure^ three-state universal cellular 
spaces were discovered r Conraon eleoents include a univ<er3sl loj^ic 
elenjentj, a ifife, a dead-end and a trossover^ Sons had fawsr t tana ic ion 
rules. Different diode and croeaover ton £ igp«.r4 ti Ctia * cf COUTSA, had to 
be obtaifl&d cilice the proper tlfte ai the junction wera not idenciotl to 
thft cA«« d««crib«d her«+ 
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Vh the IWFIHItELT OOtJ PICURED TWO -3 TATE UKIVEKSAL- CELLULAR SPACE 

On^ of et^ver^l [netlioda of illua Crating univetsal-ity 1$ co 
sho«' thAt CHCi-At<C4 c^lla in the proper conf iguraCL<;in tan si'nTuLd,t.« 
an.y n -state cell--ln partlcLilaT the twenty- nine aCaCe von Kevniann 

dT «.%>it-4tate Ccdd cells j or the three -state >!:e Ha o£ tViie pr^vJ.^ivA 
chaptar^ Hov^'irir, folloaitig. a similar approta-ch bs- with the ttiree- 
Etat^ c^llvlaiC SpaCt] it uill he. sufficisrit to snow the ability to 
arbitrarily COfitiect wilvtrjal- LDg.ic eLenexits to create arbitrary 
flTiite^atate [BacliinBB. Then an infmSte one-d Litetiaiai:!*! array of 
these finiCe-BCaCa machinfts cafi. slmviUtt any Tiirln^ nachina (hy 
tiie same argumeriC as befc^re) and Is there £cr* universal' 

l£ the tuo states are represented by 1 and t>Lank Spaet (or 0)^ 
Cbree tirane 1 1 Ion rules can be written to define ttila cellular epacft^ 

1 L 

Oil — ^ n I I — -> 1 I L — ^ 1 

I I 

Rules for the Two-State COmputlttiOn Univarsal Cellular &pace 
Th* first of th«se rules jreqytces corners to disappear. The 
other two afiaure that gaps (z^rcfts) SurreMfl<3e^ hy Elicee or £oup one* 
vLLL be filled In. Di the fo Licking il lust ration <t£ 4 Si;gnctl pro- 
pagating along ttie wire, the atro &t qvitScWt Statt 1* ill*si demoted 
by the blanks } 

L L I L 1 1 1 I L L J, I I I L 
L L L L 1 1 1 L L L L L 1 L L 
ILLLLllLllLlllll 

Uif* sad Signal 

Note that the signal travels on one sida q£ the wire. The wirfi 
will b6 sydbollsed by ^ SCCal^hC line with an jirrCTW us«d CO Indicate 
the side of the wire on which the signal Is travelings It should be 
clearly understood that the blank atea dbove the wire represemts oella 
in the serci state *nd not the «b»ence of cells^ Appendix I eoncmns 
CQitLptiter sifnijlatlons of the ^bove wire and also tlie oth-ar element^ 
»homi below. The reader should probably check this tppesdlit no^ Co 
»ee eHJicdy how this sisnal prop-agates. 
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Th$ d$^d-(>iad ijt vSt4 t^> eliminate ^ignats traveling along 

truncated i^irei - 

^^^^^ X. 

LLLLlLl Lllllll 

ILLllL LLllllll 

LLlLllLllllllll 

1 

The Dead-end 

Tbe JunctiCni or fan-out is uaed to create neu algnalB^ A slg^^aL 

entefing t±LB fan-out from the input &id« leav«g frofa the Other ChrttA 

atme. This eLEfnent vill also b« use^^ viCh t|i$ $bpve dead-en4 to 

produ c e the curve , 

111 

I I 1* 
I I ll 
I I I 
^ t 1 L 
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The Junction. 

This junction 1b not bilateral. A. eignal entering any of the aide 
outpiitg diee^ Ho Cite thit by uilfij two dead-end* tm two outputs, the 
di<)d« (an,«-w«y g«C6) Is 4ttiiined. Ho^raver the diode £« not a«4d«d 
in this cellular ipace. 

4 wh^le family of «urve9 awat be ereated aince the signal is 
on one aide of the wire. We need ina ide- to- Ins Ide ^ inaidle-to^'Dutaide , 
Dut&iiJe- to-OLLta ide a.nd outside- to -inside curves. Tvo of theae curves 
can be abtaitied direetly frcni the faeout uith dead-enda on two output 
wires r The iris ide-to-inaide curve rauat b« syntttesized r 
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1 



I I 1 

1 1 I 1 1 ^ 

llllllllllllll 

I 1 I L H I 1 I 1 

1 1 1 1 1 1 1 L 1 
1 

Ttie I;qs ide- 1 D- Ins i^^e CurvQ 
Tlia c« t* iJe-' to- outs Ide curve can now bi iroadft froft th6 aboire curves. 
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The Outdid^-Cisli-C^UU* CU^we 

Recall thRt the bttohb indicttii ^ich ti4* ^i tl^ vl^e c*rri^9 the 

A universe 1 lf>|ti£ eleoent vill be ueed aitli A cl&ck (t^dScribAd 
IdtAT) Co builcJ tht reniflltiiti& n&edejd eLenientB. The following con- 
ftguratlon will cewput* thft logU furt-ttlotii "B atid WCfT A". 



2A 



III L I I 



















] 




















B 


































-^ 
































L 


I 1 ] 


1 






















■+ 








I 


I 1, 1 


1 












1 


I 


1 


1 


1 


1 


L 


1 


1 


L 


L L L 


1 












I 


1 


I 


I 


1 


1 


\ 


I 


I 


















1 


1 


1 


1 


1 


1 


1 


1 


I 


















1 






















1 






1 

























TKUTH TABLE 









1 






The Logic Eleinent 

If CiM B Input ia from a clock (1.*. «i periudtc emLttar of eignaLaJ 
thfefl tJil^ l^fiic clamenC fcacomea a HOT function. TliLig ^ tl-OC-k lA 
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Th« clock 

ThiB clock ha? ^ period *f aiistftftil tliiA *t*p*. AlmPst any -even: 
period ie obtalfiafele by different configuratiooai. 

!Ehe 9petd,t;iciTi of the. logic element re^juires that Xh^ ^i^rtalg 
Ims sytitliJronisad, The clock defines sn. interact ion time and all wires 
Are COnB cruCCi&t3 to maintain the aynchTtmization of aL£na:Ia. The 
cOmS CtTJ c C ion Of tihe crossover is achieved by the folloylnj^ logi^a.! 
£Cnf tgutAtiCin. However it ia required that oaLy one aignal arifive 
at once. By movirvg the location of the n^ro^^over g^lightl]^^ si in ch$ 
tbitee s td C^e automaton of the previoua chapter, noD-aimuIt^neous 
affivalt can be aaaured. The ^DK function used in thie diiigriam cs.u. 
be C&rtBEmctd^ ftom the logic element with a WXt function feeding 
into the E input ■ 
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"In 

Hit Crossover 

A much more efficient ctessflver t&n he eona true ted. 

The eKtecislDci to three diTnensions and Sevtm ttalghbon (fix faite- 
n^AL^hh^VS fiLiie Che cell ItseLf) ia a traigtit-^for^iTBrd, Ttie Bdme ttitee 
futdS apply ^SSvMii^^ the other two neighbors are in the zero stdte. 
The above automaton CPW ewts-t in a plane of thia space, if deaired, 
but turns ■Out df th* p l«!4e C*n be inserted at any point of oiigtn of 
signals in th« wir«r 
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part of the IiiBide-to-InBid& Curve 

Thd tncLoied part q£ thif eurve can be rotated ninety degreea about 
Che dashed Line^ Subsequent turns vllL now be out tti. the pLsne^ 

These elements are BufficienC fvr univets^lity, Tke vice and 
crossover allow moving of signals from p^inC Co points The logic 
functios with the NOT functidn added Co its B inpuC giv«9 the ynlveriAl 
TOR functionr IIKinsky 19^61 J Thus we cart wire up an J ^MPCtion. (Celavi^ 
can be built with a few «Ktrt curve*,) &peci£lcflllif , the twenty-nine 
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ecatG vOti neuaann or elght-stLatE Codd callus CCV.14 be Simulated 
ach loving both c-Drnputatlon and c tMia tr uc tl,*i1 vilivjifsalLty except that 
an Infinite niimbEr of aluul^tgid c^LLs niM^ t -Aiii^t] IrQr it takes 
aeveraL of these eell* tc simulm:* One of the Coddl cells even if It 
le merely in tlxe «ero or quiescent state. 
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VL. THE THElEi:- STATE FIflTE UVIVEB^AL OOMFtTTEE 

Thft utL4t9 iPibl-^ r^ulreaent of an iriltiaL eon figure t lo-n. 
invi^lviAg t-Xi ii:i.fini.t$ nufuber of cells can be eliminated by adding 
an&chAi: sta^E.^' Cl^ ^^ ^^ assumed tha.t Che cellular computer 
is not allovpsd Lo continue growing wilChout bound efCer ttie ccmipu- 
Catlon Is C[>Trif?l«te, then three ia the mlnimuTn number of atatea 
for Chli tvetitivicii:^ Itie reason for this is cts t the abilltjr Co 
gtfCiw more iTiieflioiry with tgo-st^te cella^ as required by a finite 
intctdl C4A£JLgui?atlon, necea-^^itdtes the f o 1 laving transition ruie, 
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Out this rule wilt cau«« in unbounddblt -prapagAtloD fTom aome 
edgea of the autoniBtmir Thu* thi* 6t\4 t>ift previoua autooutori 
^ire each minLaal for their re-spectivB typ*t of l^ftKaVic^Sf ■ ) 

SlAce 4 t^o(sp u tatlcxL tLay require an arbitrary amount o£ 
■HiOry SpA-Ct, iQH'& m&th4>d Di^^t exi^t for increasing ttie information 
storage by arbitrarily l-airi5.e artiounta, Tlie njethod ia to use an 
arbitrarily eitenaiblc SpftoiAl wire or tape with the pro■g^erty 
that a signal sent out this witft will Idfigthen the wil^e by a 
constant aimount vith a reflection or ^aivO Signal retutnt^. i>ACk 
doun the wire. Four of thftSfi Special vtrea will 4llc« giiMilation 
of Hinsky's two register machine (Minsky 19^7)* A iiCief dftisrif- 
tion of the operation of this mactiind Is nec4Ssar]f+ 

The tvD register machine ^peraCea 4n two Infinite Cfrp^i^iCy 
regis tera. This is a program mdohln« witti Che tWP Qper«Cion» 
1. add one to a register and 2+ SvlpClfiftct: one fi-offl a regis ter jind 
if the result is zero, branch Co « apiACified operoClon. &lnce 
jiddltion ^nd a ub traction are cperaCiOiis that require on 1^ A finite 
aCflte machine to carry Chem out (ai. 4pp4A«dl ta nwlcipHoatioQ) , only 
the ability Co add And subtrMfC one from Che regis tens and to test 
for E4r4 in the ?egi9tei^4 is- needed. Twa of Che special sxte[]sibl« 



uices «re u4e4 for ««ch r^gi^tsr. Ttis difference in lengtbi rep^ 
ir6S6nC3 cht AuiabHfti^ contained in the register. To add one^ a eigifiaL 
la &tut O-ut 4il4 4f thelFe wires -extending it. The echo ia ignored or 
destroyed hy cneetiJig another signal sent down Che wire before the 
Siho returns- (^Q nMEin^ signals will be anihilated.) The zero 
test, is Schievsd by comparing, two echo signals for a imuLtsneous 
?eEurtl and Sv^tr^^ltiOd. is done bj l^ngCheDing the shorter uire. To 
S^t&VfeitE, "alnt^fSb 4 imu i tdne£ius " returns , Che e^tCending of wires can be 
doH& 3&7&r4l liuiSS SO that Chfi Ifin^eh chdngea i^nl^ by Increments Of 
fluffiei&flt artc™rttt 

Ths Appendix contains the computer SLTnuilationa o£ these eLemants 
st\id * listiinj^ Pf the trans it i(^n ri^ies^ The states are 2, i, and tha 
<5Liie3t&fit state hJ or til&nk 8Tiac* + 

The wire Is comp'O^ed o£ 2^i w^ch che signal I tepn^sented by a 

one-zero train. 

22222222222222222 
22222222 12222222 
22222222222222222 

ktixt (Etr^p^gatiOn ti> zhis Righc) 

The following jiincCion conaCrucEion has the properties 1. s 
Eing,Le sigrial entering any arm exits from Che other three arms ^ 
2. two aigflals enterJ-n^ gltnuitaneoysly At right iii^eL&s uill exit tb* 
otiiei oio arms, anij 3-* three eignale enter ins 3iTiniLtati&&u3ly nrft 
siilhiLated. in each cute the jynttiQn ig restored to Its ^revloii* 
coft<iltlan before Ch« avvlval a£ ;& ai^al esv iigii&l-Si 

2 2 2 

2 2 2 

2 2 2 
222222222 
222222222 
2 2 2222222 

2 2 2 

2 2 2 

2 2 2 

The Junction 



39 

Th£ desd.-£nd Is a imply a trimcated uira. KcKj'sverj if an extra 2 
is p lac Ed at ths and of tha. daad-end ulra. ^a ahounj th^eiQ t]^e SLgCUll 

2222222 12222222 
2222222 2 2221222 

The Special Extensible Wire 

will reflect ft am the rlgjit eiid (above) ^itJi the 3peci-al wira bcinjj, 
lengthened by tvo cell edge length* - 

He now illuStP*te Ei^at the ab&ve componente iyrm a univarsal 
set of elei*efit(- 'Ihe ewrve U sfctsitied ft&m a junctii^n with two 
44Nt4-eEt4s. A.nOther tlemftnCi nftode^ is the dicide. Elcpreeentijig ulree 
by linens, -di^ad-cn'^S by clrclee AtiA curves as right Bugles , ue have; 



P „ > 

r I "^ ^-^ 



^ 



fymbol 



the Di^dift (Signal ^ill VaSs Only fr-ofn Left to Right) 

Ttie clock LB B imply a signal circling in a loop with an exit- 





^ 



Tha Clock 
The ^iode and die clock can be uaed to make a WT function. 
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Thfi nOT Funttian 
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The Oa fuuicticin Is Juat a jjuflctiofl with <Jiodes on Che inputs. 



^ 



^ 






A*r B 



Tln,e Or ifunctlon 

The NOT functl&Ei can bs obtained fr-ow the OEl with its owt-pwE 
fed Id Co Che Input of a T30T. The HOK can be uead fl£ m the Cuo'^ 
atate case Co form a croBs^ver. 

THie retepti-on of ech<H slgfialg:* the ■pvotgcm^ logic iMCCHarj te 
bvlLd « £ In i,te- state iw.c'hitt.e, (^e«i, «r& n«w «chl«V44 by atralght 
fciinijraird earta tru^^tiotu i Tllu-E th« flnitALy canfig-ured chree-atate 
unlverBBl ceLljulai autoEDaton cbd ba built. 




K 7 
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VI. THE FINITE UHiVEESAL CmFTJTER WITH NIHE-MEIGHBOR CELLS 

An $lt«ini»i:« ^ppvi^Ach C@ «chi<viii;g universality with a finite 
ialti^l c:$n figuration ifl^ to iucTca&e Che neighboThocid ai^e over the 
e&rliet fivs-nei^h'bor ceLla. lojcludLng the four cchrner-nelfsttbcire of 

t C6l\ ift perhaps the siniptest waj to do this. Thus Ehij chs|»t«ir 
is going Co describe a finite universal coavp^teir Qf lt?0-ita^e, ninA- 
neighbor cells. 

l!1)«r« «f'P«dii:» Co be «A0th4t univ^r^al BTfay of two-state, nine- 

neighlpCir ealla, betides che one described in this chapter. Willian 
GO&pelT and OCtiers of Project MAiC at HIT have recently demDng.tic»ted 
a targe number of behaviors achievable by configuiratianft df CCnwly^ a. 
"Life" cells. It is believed thut this srirsy It llio universal, 

but the description is lengthy. In tht» ^utomaCOn, the btsic signat 

ia a gelf-propasatirtg "gltdei:"+ Ttlflsfl reflults will probably be 

d[?^(inuneAted by tliin at & later dater 

In pa):^llel vttla the dASctiption of the previous chapter, the 

aLitttftaton 9f thia thsptCT: will employ three basic components ^ the 

dead-end^ the Junctltnt and Ctia special extensible wire. Cconputer 

i Inu la t i i^ns of th«fti components and a list of the transition rules 

appear in the Append i::. The approach will be identical tc» tha.t in 

the prtvi.9d,0 chapteir '-Hinsky^B two register machine is to be simulated 

with two extensible wires representing each register. 

L 1 

I 

Lit 1 1 1 1- 1 t 1 1 1 I L L 1 L L L 1 1 1 

ILLL LllLL 11111 till 

111 ILlll 1111 1111 

1 1 L 

1 i 

ti^Tie = t time * t + 1 

Wir* *iid Signal «ti4 Dftfi4-ftT»d 

Tl^e jsiga^.! i^ shown at two Instances on time aince Ita fnnn alternatea 
L^etV&en the5$ two forms. CThia introduces a new prob lean- -the con-- 
sidEration of tha phafift cf a tlgnal* A fourth element, the phase 
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converter p will inAuta t:h« (;orr««C ph«ia«. of Che »tgnal for tlie 

desired opeTatianB. Any BigTial paEBing thrt>ug|i ths phaeu canvt^tCiCir 
will exit wtch a phase clctivcmiTi&d by tlie locfttton of the convevCor 
ire^Tdlesa of entering phase . (The ti^ &KttA L's iwrely Strip the 
fi^gnAl's l^tL f?04a it 49 It paBBes. Wh^n the signal i^ cmt of rangu 
o£ th'U* Vs, th« etgfl»l tan refona its L'b.) 

1 

1 L 1 1. L L L L L L L 
1 L L L L 1 L I I 1 I 
ILLllLLLLLL 

1 

Itt J,imcl:iciii tiaa the foltoirLng ptflfirtleS] J- one Input will 
fan out thfi otber Chir«« ^ixeSt 2 two inputs not at right- JngUe 
aire ButuaUy anlhi laced, and J three siTOylt^t^eoua inputs are a Leo 
anlhilated. 
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J. 








The Junction 







The iliick, as previous ly. Is S imply a signal ciroUng in S loop 
with an 43£it, Uains two clocks Ani three other junctions as in eh« 
following figure » the diode dan bti obt^L^ed. 
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r. 



mi» CAS thla B^BBBtrlcd L caK^cnent aLLou passage of sisals iti. 
tmly ons ^ireetiofn? It can duft to the a yKithrotioLia dpexattan of all 
tfieae ceHuLar autDmata. The cLocki *rft ijmthronlBed bo that a 
atgnal entering ixom Che right arrives at ttia center Jiinctioti iimuiL' 
taneouflly with the Cwd clock aignala, ttiua being ttithiiated^ f^ 
si^ti^l. entering f1f<^ ch« left, however, fana out wich die (igrial 
g«ecing; thTflugJi and the two Otti«rs dyliQR at the other two junctten* 
by thfl. twfl- input anihilation ptO|i*ft*^f 

The trwsover and HOR Logic ftleiwent axe aihown . ^e reader ii 
urged to verify the operation of the** cOHponent* fnpa the Junction 
properti<s9 + ) 




< 



i-ky.jir-1; 



tB 



s 



^ 
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The CT03sov«r 



The NC£, Function 



S4 



The reinalnlina ncoftp ijhrtftn t la the eiiteneible wirt- The extra one 
at th? right fttwl *f this Be&ment causes a alginaJ, to "bouoce" off 
the end, gftnatAting an eciuj and L&fi(tth»tiifLg the wire. 

I I I L 1 L L L I 1 i 1 
lllllllllllll 
1 1 I I 1 1 I 1 1 1 1 1 

The Extendible Wlr« 

T1>C d^llgn e£ this automatDn now corife9[>$nde to tttat of the 
previous ich£i(iC*r« 

* John H* Conway hjE also showfi thft LLie caLlE to be universal 
Irtiftp indent Ly of HilliaiB Ooaper'a woick ist^ftpt that he used Eli« 
'^elldftjf gun" (a conftguratixm that pefledicaUy emits a self- 
propagating signal) discovered hy Q^sptK , Future issaea of the 
SclfehCifiil; American loagazine will ti$v4 # li^ficlTipCLon of both 
Gg-s^-ar's and Conway' a works 3» will afl « brl^f mention of the 
autlsoif's worki Holther Goaper nor COEKwsy havft published their 
work a& far aa Is known by the 9.i^tht>]: + 
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VIII^ T3IE SELF-BSPfiOWCIHV TI^JVERSAL COMPUTER, UaiVTESAL COflSTEUCTOfi 

The fouf'ttAt'S- MnlveTsiiL camputfr^ universal c4:?i3£l:fuctor 1ft 

■considerably niore complex tViflfl, the prevlxiiifl threE autoiaflta. Not Only 
must Elflts atitcMQfltan be capable ef GOniputltie any (ecmtputab le> coBiputatioii 
but it nniBt also be eUpablft ot cwia tructlJig Into quiescent , ampty epace 
*ri ftLitoniet-on alao capable of eortj^utlftg sny cooputabls fucietion. In 
particular, it ahem Id be capable of reproduc Icig a copy of itaelf, (For 
a diacuasi^^ o£ h^w SvC^ cffaprlng ?an evolve and improve ^ B6e vOn 
NeiiTnann I'iJfii,) 

This BuCCimnton will have the samie type logic elemenEa AS chd 
previous mactitncs , but in aiJclltioEu It mMst have an arm that can 
reach out into CKe cOnsCtuction Space to build the new nachine. The 
grotfth and -DpeTation o£ this *nn it qgite coapl tea ted . After the 
new oLachine is cons true tad, it mitt tt activated ^ since we plan to 
have the autonLaton construct a p^aEEivB cOtifij^uSfatlofl.. The explisnation 
of how an unbending, arm can conatrur^t a nfiw lASCh Ine of l^p^eT ^l^^ 
thjirt the co-CIS true tine machine ia then explainfed- 

SliiiT4^1jLtiona of the coaiponentB and a tiBCitig Qi tht tractf Ition 
rults are giy&ri In the Appendix. The Bt&Ces ate rApre:S 6:11 ted by 
blank (and Of, I, 2^ ACtd tht leccer x- 

l£t UB begin with the wite *nd lLgn«l, iod the dead-end. 

Z I K 

The Wire and Signal and the Dead-end 

Tbe wife And all other components are constructed fron ttlta M.^ 
Cons true Clona cansiscirug q£ only »tflte Jt are very stable, the only 
transition beinj; thd £4llOwiTl^» 

K 

X s— -^ 1 

X. 

Hone of the compOnant*, i^ile passive, will tonlaln thia local 
configurationh Thertfore, iay cotia truttlon c one is ting nf the 
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coffipcinenCi CO' bt 'deecribs'd K will remain psaalve UDtH 4CElv«t«il, 
The Jucictlcm hd« the ^dne pTr>psrtiB5 bb had the thic««'4!C4tA 
aut<»iTi4tOn, nameLy L. a single ente-rtflg :»igp^«|l fatift Out ttie ochor 
three Lege > 2. twEJ inputs at « iftght an^l« givie two outputs on the 
other two wires > and 3^ thr«« Simultaneoua input algnaLa are nuitiiaLLy 
an Ih 1 La ftd . 
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The Junction. 

lA <dch Ciif« tht junction is restored to ita originaL poaltion. In 
Ch4 HiAt o£ the £STi0ut„ the uaeful phenomenon of an extra delay of oiii 
t;tii»^ t^nit QecaTI + ALbCi if tifc> signalB arrive cppo^ite each ti-ther , chey 
will be mutually atithilAtedj a property not poa-eeBEed by the three 
Atdte Au t:«m& ton , These ptopertiee are verified in the ccmputer 
simulations. 

The curve ia obtained fron th-a junction witli dead -ends an ttjio of 
tha output lega. The diode ia obtained a^ previous Ly,, or by the 
fisl lowing dttemate configuration. 



thft Diode 

SimLlarLy the clocks WD/J: function and IHO^ fuocELos can be cona true ted. 
However the previous crossover is unacceptable because it involved 
thfl use o£ the MOR fujiction which i& built with a clock >. The TeaeDn 
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iQX ihit unaccepta'bi Li£y Is chat vie only waot ta conatiruct tt paS&ivs 
CCnflgulTaiCiOn amJ to u&e a single activation 3l.g.QaL to ifitrodvc* 
d Aii^aL into It 11 wires and clocks to "start" th« neuly cons ticvcC«tJ 
[oachlner Uich a passive cross over this problem Is jtvoLiifii^^ 



A U 



^Hjjfi— ' 



■^ 



^ 



^ = ^ 



B 



11 



The Pseslve croesover 

A signal enEerlns $C B s^ove t{»o^uld itOt ht abl« C6 «xlt at the A 

4lt!Lt iIm« C4 the abovi^ mentioned property of the junction, nAm^Ly 
thtt itw4 aignals entering opposite each other cancel. 

The logic Operations of this automaton are nov completed, The 
operation of the srin is Illustrated now. 



Parent 

Machine 



X 



(;(3Ti5i l.cructing ami 



x: 




'Conatrutcl&rt R^giyci 
Construction 

Th* horizontal arm can move verrEl-CAlly within a finAd range, but 
ctii 4xtgiicl arbitrarily far into a constpuctlpn iregii3n+ The construe^ 
tion of automata which do not fit within this spA&« i^*^* self- 
f^pfOducing autrmata in the saoie orienCdtlOfi «i eh* pifentj ia 
achieved by coDstructlsg « preHmiflacy autOntaCon of arbitrary length 
frtiioh grows a vertical AiCIn lnC« che surrounding space to construct 
Che desired aurtomaton. 

The ^rm consists of a row of cells in state X^ The arm Is 
attached to tftochet r&w of cells called the body* 



M 



E 



body ^, ata 



\ 



■ 3CXKKKKXXXX 

Attachment o£ Ana to B4dy 

The operation af construction procaads as follTn^: 

Ir Tuo apeciaL Bignala (called single witi^) S«nC from edch end a£ 

the body collide at a Itfcation i3fl rBrraiTi«<! !?y tb* timing ef stgnal 

origination. 
2, The CDlloainn prc^ucsE an arm budi 
3 4 R^rther i^sirB af Ain^Ie uiTig.3 cd Hiding st. this locaCioD cauae 

the arm bud to grew longer. 
4. Once the ans haa reached a Length o£ thres x^s^ fufbliH^i" gtcnrth it 

a&eompanled by an ec^ia 3igB9.1- fram the end of the aim. ^eo the 

efhQ retuirns to th& body^ it Is harmlessly «nihiLatad unlesa, 
?► if the ech& slgnaL it T>ro^rly timed with Another pair of collidinE 

alngLe ulngB ^ a new algnal called the drawing «riOg propagdC«9 out 

the uire^ deetrcying the uire aa it goes --i.e. it ladv^S quie9c<enC 

i^^lli b^ind it. 
■6+ When ctie erasing wimg r^jcheg the end of tie arna, a sinjjla 3t £» 

dfepoiiced Lcico the cell Jti9t beyond the end of whera ths ann wdft* 

Thia depoBitlnig aucceads evftn If th«re *xe other x'a surTDUDdLng. 

the poaitian o£ the nev x m^ one or tvC» sides. 
7. A new arm Ib grmm to depoBlC othSE x'9 acid che process ia iterated; 

untii the eonB true t Ion la cCmpletedn Hi eft att SLCtivation pracess 

takes plate. 

The above operation deacrLption req\LJ-rei same new coracwnents. 
PiX9t the 21 ingle wing aignal ia lliuatraCftd + 

1 

Single tJing Signal 



Tw4 mf^cti)^ &ln$l« wings leave ttie follouLDg arm bud. 

K 
X 

Arm Bud 

AnOthAt cO-lLl^ioD fills In the gap at the baae of th$ ama bud 

fotrming an arm of lengCh three. Still another collisicin $iv$9 Ch^ 

f d 1 Lowing con f igura t ion , 

x. 
X 
K 

Arm with Gap 

Again the gap ia filled by another co Ilia ion. S-ubaec^uent colll^ipn^ 
give the following double wing signal pTo^sgatiog out the arm. 



It 

1 

1 X 1 

X 



t 



D«iiibl4 Ving Signal 

This double wing adda an k to the end d£ the vire and aenda tti« 
following echo aignal back down the wive. 

TtiiB echo leaves a gap between the arm and the body whifh 1$ filled 
in aa before. However, if the echo colticides ^Ith dneth^r callisi^n 
of single wings ^ the erasing wing ia produced l 



t 



K. 

I 

1 1 



KKKKKKKKKHMKK 
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The different c«s«s of the eres-tng wtng reach ins the end of the 
vlra Ara lllu«trdt«4 in th& coti^uteir eimMMitions oi the Append! k. By 
eon* true tirt^ the n*w automftton column bj^ colutan and Cop to bottom in 
a taitar pattsm, th« imv will neeil to eonatdeif only local tonfigura- 
tiisne in which th«r4 ir* rto it's dl^«ady theve (at the end ot the ams) 
or Qua X cm thft ptiaviou^ -colunin o¥ b«i ida It io. the ct#ri:ent eoliwci 
or tJiera may be tuc x's already Chetf! in chaac two piOS iCiOnS, {5te th.^ 
Appendix far fuxthaT detail.) In parEicular, the arm will not have to 
fill an 3( betuaan tuo axistixig x'a. 

S* fur He have not JeAcPibed how the atngle wins signals are 
getxersted. The following coa figuration ^ILl tranafonm alL entering 
togic t^pe bI^bLjI iiit4 sin^l^ wing Ai^AlSh 

SI xxs.x1kk.k3i 

KXXK.3CKKKK 

$ ingle dinga Being Generated 

Logic t>'pa Eignala entering from the left will exit froni thA 

right as eingla wing fignalf . 

Ac^tivdCiOn la achisv^dl by th4 4'Ctf.Vdtl«Cl mechan^flm^ 

X 
XXX 

XXXKXXXXASXMXX 

X X 3t 
X 

Activation Ccnf ign ra t ion 

An erasing ving entering th« ab^va dodvent wOv Id generate 9 
"12" type logic signal. Thie acti-vatien iigtlal w<wid notf tfsvel by 
fdnout* tni;! c?0Sf0Ve3;f t^ every pl^^^ where it is deaired to have 
a witfl at clock initial lEftd with a slfjfial. After an eraatng wing 

hAS eatereili It li left in tlie follouing condition and must be 
"cL*4ilAd up'^ fo¥ subse^uettt use. Of course; if no further oonnnunicii- 
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tlon Is de*irfed> this gaxbage eoiiLd be Isft in place. 



X X K 

SC £ X 
K 

After Kiftcaiving AcClvatton Signal, Tw^ JC'a Block Entrance 

The two K^a can be removed by adding mi^re x^a by the uaudl ^Qnfltifuc' 
Cion method Co form the follefwing cynf isuration- 



x x x n x 



I St X 

JtAJ12iKK.KKXXKKXMK 
X It X 



CleAning Up the Activation Elem4nC 

MoH if an *nii grot/in,^ lOVCward, bmnips into the project Iqfi 
Aiied to this elem^ntj it j<h£n»^ Than an fltaa-ing wing will T;itt*rly 
dflstToj the garbage, add«cl k> And alL, teatoring the eleiii«rit to 

its ciTiginal receptive state. 

The following stfflfile configuration allows the intvadueCiOm of 
initialization aignala into wirei duttrtg the activation pTocees* 
Wot tea that the wire ma in tain* a tafQ-H^y pCOpagaCion capacity. 

I 

kctivAtiiM. signal 




In t r ctdv c t i On of a ftight -Moving Stgrtjl 
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If aomfl inlCl«l slgtiaLa are desired ti? b« vUttin junttlDcia or 
other elements, Chey c^uld have been Introduced earlier ttlto the input 
uir-es . 

MCw tJiat by cleaning up the aetlvattOTi Tnech*ntejn> comrautiicaClDn 
±a pMBibl* fSfOrt the parent to the offspring r To allcivii InfornLatioci 
to £b>if In the <ippe-9lte dlveetion, ctie f« Hewing frjsecipl cona true t ion 
regioTi is ddded t^ th* offsprinfi so that it Gin COnaClTiiCC the "relay 
aCaCion". 

— s 




1 ' ^ I 

Spec ial 

Conscruccii^n -.>^ 

Region J j 

Two-way Cofranin lea C ton 

Banks (IWO) ieacriboa anOthec ionv state univeraal cctib cructer 
t±At tl?S only ^ one-shot activation mectiantam — -it is not reuauabLe^ 
This paper describes htw Auffici4i3t tfflfoifiiiflCion can be ccmmjim ic a Cad 
bx this ease. It also il Lust rates hcw a p^iicnLanent two-way wire can 
bt e&nacruCite4 to- connect the parent with oflsincing. 
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IS- UKIVIKAL OKE DIKfiKFS TOr'j\r. CELLUIAE SPACE 

Tfllft twO-6tata imiverBaL ceLLuLar ^utoinatpn of chapter V Ct-(\ 
b$ &Ofie t¥tt6t4^ Lei A finite vldth of the &v&- d Imens icvna L ap-ece. By 
COOS id&r J.tig an infinite one {3 inens iai.i $ L t&p^ made up of aiicBB ot 
th# two « t£l t& machins cr}nfigiLreid in two diatttislons (e96 diagraiB)^ 
as pointed (?ut by Fred k in ^ it ia at otice A uriivorsal cccnputer «ith 
two States and fiva neiBJitors if two of tHft Hftighbofs of a cell *re 
it* nearest neighbors and two Othecs ar« iftoa distance away,, flatuely 
Che width of the slice*. Th« ftfth nfliehbor is the cell ttS'&lf- 
Thus each coll has the same fiv* n« labors ai in Ehe two dioiensional 
ftpat^A Aud operation can be identical ^ 




Fonaiing a One. Dimena iotia L Spate ivcm th* Two DiiaenB ionaL Space 



X- DISCUSSION 

The Btaf^iii^ at\d h Alt tag of TuTlng niBchine computaCiDhi aft veil 
defined c>^6t:4tioi^s. siuil^r op£T£tiD'iia ouist he desctib^d £>:il' Ctt* 
uoivieTaal ceLluLat bu tOn^nA td • 

In Che aame aenfie that tha iufv-t t* « unl versa 1 Turltig machine 
l3 initially configured Cjti its ta^e, Eepr&5eatin|i the computation 
to 1m flsocutdd, chft ItLteLftl cofLfieuratiQii of a cellular au Coraa Con 
cpntain* the deflcrt[>CiOli of the ecmpLitation. 

UjAltiDg of t- cellLclar j^utcMi^ton can be defined in several x/ays + 
Ft4&ab ly Che slttrpl^sC 19 to define a coniputatlon ae having ended tThen 
^ Specified eell firflt ch^ngea state. 

n^e OfmtipTAOM* Space ^ 

tti« Location of any cell of drmenaionB dx and dy cdn b^ ineaiuteij 
lij^ the coordinate^ h and y^ ££ S(K^ypt) repreacntB tha stati: &f t^i« 
cell at tide t» it cs^n take oet valuea and I for the univatedl tw&- 
sc^ce ceLL? of chupter V. The value of S^x^yht+dt), vihare dC it 
Che duf^tioB of the time aCepa, thua depends on S(KF^,t), S (x-Mtc , ^ , c ) , 
3(K-dK,y,t>, S(x*J^tdy, C) 1 and ^(Xjy-dyjtJ according Co the sAt cf 
titans ition rvl&ii^ Following normal practice, apafial second dei^iva- 
cives aan be defin&d. 

g ^ ^Sfa.Y.O _ j^^^^ g(3^HiK>y>t) -I- SCK-dK.y.tj -2,£(j:,j.t> 

and similarly for S™,^ T^e two value* S flnd g can Cake on values 

?7 MM yy 

Oj +1, -1> +2, and -2. Inear4etirt:g.ly , Sitx^y^C+dt) can be eKpressed as 
4 function of only S. S , and S , if th* tfartStttcin ifules of Che two* 
4tat£ apace dire applied. Defining chis fun^iti^n dS F and letting dc 

dpprcuch zeTf) , one gftta: 

or explicitly for theae transit ion. rulee as: 
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1 If S = and S -S = 2 or 4 
^£ J 3Et yy 

-^-r - < -1 If 5 = I. and £ p s = -I 

d c 1 XX yy 

QtherwLsa 

Some raadorH nay r^eo^nlzA the aitove futt^clon form as a typ4 of 
wave equation-- l,e. a aeeoeid order diffarentisl e^j^mtiOTi with firsE 
Cirdiir time dtffararil:laClo.ft. This rcEuLt is m&r* interestlnj in three. 
4±mftciE LOUS . (RecaLL frorss chapter V that thft tswo-stata ^t^ace i« stiLL 
^miverBBL in threft d imensiooaO it i« Still pcsslble to sxpreas the 
future state, of 6 cell as a fuficticn of raly second dertvativea and o£ 
Its awn current state, hence £ 
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g,. * G ( S, S_, S_, S„. J 



although the explicit fcrtn is nov more cotnpLeK* Ncft if S ia ^llDwitd 
to vary Gontinuoualy* r*thftt than diacretely^ this equation deflnCE 
a iO¥t of TJiLivBrHal contiauous caLlular space. 

Other ApplieittOnS of Cellular fttitcmata Theory. 

Sfflith (1970) and others aire irttfirasted in applying ceUular auto- 
nMta theofy to biological pheftoiiien,-!. The study of PHA JLrtCtractiona , 
consisting gypp<jaedly of a set o£ fowt "aymbola" inside thft spiral 
helix, if One in. teres ting fLresL + 

Another pPEsibility la Lhe design of electrical e lr<:uitB «ith 
self -wiring t*|;^abLliCy. Ait, I^ I circuit fonning a Ifirfte array of cells 
could contdirt an initial con f i jvra t i On with conatrMOtiOn power. When 
activated i it would proceed to «ire up any desired ctrtutt, (as IndicjtC^ 
by InfcufmrfttiOn built to to tht configuTati(m or »«rtt tnio it aftes^ 
activation) [l«c«cting and Ignoring bad cells, guchi d sitcutt could 
perhaps b* a eamplete pardU^L digital conipuit«r On One a lice. VSCieui 
regiorte of the alice coMld have different trinaicion rulee if> for 
eKample^ otit typ» cell proved mors efficient for mteiiory and another for 
logic functions. Variations inclvdo having no initial configuratiofi 
wirsd in, but ^ensjing inputs in Co build a constructing niflchaniani. 
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Tl5« natfl point ia tti»t by allowing btd SLreas to appear UFI. the slice 
witJi&ut destroying tti« total slice, myth cheaper, more tcmpleK, -and 
mote varLabla citcTjitrj^ could be us«dr Shoup (1'970) tias c^one iderad 
tha design of intftgrn-ted circuits u«4<J a* cellular aTTfty^ > Hot coci- 
csrntrtjs htraself wicti uCliveraality in pArtlcularj he wai aioife intereaCed 
ixL iffUcient imrslemcci tat long of ptacEital operationB. 
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KI. SUGGESXrONS FOR nJRTHEfi STuBY 

The foUowlng list of questions and comments cSn be inttr^ratEd 
as suggisstiana for furttier inveB Cteacl&n. 

1^ Ate there Qthsr two-state, f Ivd-neighbor ifl finitely cflfl figured 
uciivEraaL cellular automata? If we re*tf let ouTselv«» to tsotropte 
cfiLls (a9 4* finest in the GToisairy) then thite are only twelve 
transition rules that can t* written^ one of these teitlg spec if ltd 
(the quieacetit non- transit: ion reijiiiremcnt) . thus tliftre are only 2''"^ 
automata in this cls.s9 in all. 

OnH other hg^ fe44n found. If ths present aut^oaatDn 1& embedded 
(,Ti A region of ce 1 la in state lere which is In turn embedded in an 
infinite regit^n ei£ state 1 cells, cIe n the gama machine tan fee 
cdnaiderad sifife* state 1 m*Ceti45 Che quiestenC rule fora. N&tics 
Chat this la net Jyat swapping ths names of tlse etatss. 

2. TliB two -state fiva-nsifihtor, thrss -state f Ive -neigh bor, aad tw^- 
«Cdts nine-neighbor cells are minimal in the n«mb*r of states re- 
quired lor achieving their respective types of Mrtlvefaatity. Is the 
four- State universal cona true tor also minimi I? 

3. At6 there tsmth siAiipler spaces iti the senee of bflVing many fevftr 
tTan«iti«ai rul^? 

4+ How large drs the total configurations ? Tti* author hag net yet 

fl««n It WDrthwhtLa to construct a crmplete, detailed computer* Such 

an effort w&uld require a large amount of resouraia to sh&w sorae thing 

already krtt:^m.ii 

5. Is tliere a simple cellular model of -phyH^s? 

6- Is tlnetd d line hetween tha automati'e type of se If' f«p Ilea ting 

celli Sf rtadklE^ and Winograd (&ee chapter II) and chose of the 

universal cons trwet ion type of self-reproduce tc?n'? {Minsky) 

7. What *re th* characterls tici of configurations on diff»r*nt shsped 

calls such a« hsxagons, trlan^lss, sphes^e*^ »tc,> or in hi^Bi- dimeiialoTiT 
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fi. How much miora powerful are c«lU *flth asynDfltrie tranaltion 

nniLt*? The anflwaf C& Chla quaBCirm eotiLd ba quite useful to the 

gLjaL <fi tw lid lug practical telLular autcimfll:^ on integrate*! ctrcutts. 

For LciacEince, iftformatiOTi can now te densely p*eli&d in wires si-fi-ce 

the length o£ steciaL can now be. only waa cell* 

9. How compleK muBt the cell* be in prdee £ov a univai^aAl eertH Criiti- 

tor to also he able to araSC H con figuration? If the configuration 

la nc-t aettvely defending ttielf» it aeemS th*t the call* of this 

theiis inset this r«iiw J-temen C atnee A I introduced into the edfie 

of A wive tends tO ppopasate bj dcvcmauing the wirft^ this action 

ehovld be verified f&f *11 types o£ InJCal configuration Cliat couLd 

t>e. «dCOMntered, 

LO, What other -uSdful meaaurea of owftplexlty of bohavlat are tiiota Other 

than universal eCrmputfttion (finitft md infinitft ifitti*! eon figurac tone) 

md universal -cOnitCi^Ction 7 



49 



SOMM&KY 

Xabl« of lEsuLta. 



This tab la is drawn £or tnfiniCe twc ■ d imena iona I arrays a£ 
iquare cellg» It givea reawlfcs , dlBciovtrftr and other infomation. 



Stac«g 
G«1L 



L3 



29- 



N^lghbd^ra per Cflll 
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Univieraal ComfuLter 
Infirilte Irtltiai 
confl£ue5iti&[i req'd 
[autlioi;] 



Universal Ccmput^if 
Finite LCI it la L 
con £i^ rat Ion Is 
Bufflcie[it» 
fauthor] 



StTUCtflt 

^author] 



Unlversai Ctrraputer 
fin It* initial 
configuration t 
[author 5 flla.c Wn. 
GCjAper of HIT tiaa 
shown Coiftway'a Life 
cella aee unlvaraalj 



Univeraa 1 
tij lis true tpr 

Tll& ca LLa were 
shown capably of 
sirauUtlng Codd'a 
S-aCat* tftlla, 



Untueifsg L Cona true tor 
Thla v^s the first 
reduettPn of vtiti 
MeuaiaTin'B cells. 
[Codd ] 



irntveif34l Computer 
Tlteae cells r^q'd 
ofily two rowi of 
the array. 
FSTnithJ 



Uti i va Esa 1 Cen-9 1 If ' t r 
[vciii Neumann J Tttis 
^^S the first 
cellular autLMnatan 
I Bh.<nm t^ be u.n.I'ver aal 
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Activation, Cho proceaa by whlcli a utttveraal cosietruc tor cauefiS A 
nftw psasive construction Co iMCOme active OC operative, by che 
Itl troduc t ion of a sigpal. 
AuCCmatod, a finite -en: lnflnite-9 Cate machine- Jt property i* the 

dlaCT«teneaa (vftlTSLig continupws) of values £&r Logic levels^ etc. 
CfilL, a flBlte -state aMtooLBton in an tteraCive aecay^ Kvery cfell 
has A aet of naigjibofiflg cells with wfhtch it cOmrtiurtleates , At 
diaeretft siomenta of tirtt the cell daatiufles a Etatc, this new 
State deptrtdltig on the old itataa of the cell and its Tteighbo ring 
cells accOfdlng to & 3«C of preacribtd i tate- trans it ism rulea. 

Callvilflr AutOnrttoffli an art Ay, usually inftntte and twfl-dlffletia lonal ^ 
pf identical interconnected cella which siimiltaneoiuily undergo 
state tranaitions S-t diacretft iiK>oientB of ti*e (see C-h11>, 

cellular Space, refers to che entire tcllecticm o£ tella of a cell^lsx 
automata; it la defined by a sot cf transit ion culea , the 
shape of th4 tells (e.g. S^Mare), the dJLinensionality , and the 
neighborhood futl*tton (hoy th* «ella ate intercotmectBcl). 

Computation UnlvarEAl Cellular EpAct , a cellular Space capable of 

supportms a universal computet, i.e. thet* sre initial cOtifigu- 
tations of states that can perfcufrn any eomputaCion. (see Univer- 
sal CtMiputeif) 

COtt figuration, m aBaigmiient of atates to the ceLLs flf an area of 
Che array at aome time 

Construction, Che process by irfhieh a untveraal constructor creates 
* new, disjoint confijjuSfetlon by ^rowlBfi an arm into an area of 
quieacent cella and charialng the states of these cells t* the 
desired configuration. 

construction Universal Cellular Space, a cellular apace c«(k*bl6 of 

aupportlufi a uoiveraal cDnsttv^tor . Ic my&t also be a computatiotl 
universal cellular apace, (see Universal Construct**) 
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Flciita Universal Computer, a ub1w«ic**1 ^ijnipwtof which caci begin 

DperaCion -with, only a finite non-qu lea cent initial c^ifl f igu Ca C l4i] , 
i*6t OiiXy a £ In ice region of the Infinity arra)^ hee £«lLa in 
thfi non-zero or non-quieacent gtate^ 

Carden-of-eden Cotif iguraCion , a tOi^£i^e*tiati wlEh no preceeding 
eonflguraCion which hOmIiI y I* Id it, A Girden-of-Eden configu- 
rftCLc^n Q&n therefore exiaC only in an initial conf igu7sClQn + 
PrAoticsLly all InCeTeating cellular ap^cea h^ve Garden -^sf-' 
Eden confl^rationa . 

Iiiitlail GOnfi^ration, the Initial aaaignment of at^c^e £o the oc^ia 
of an ar«B of the array. 

Id&trcipic CelluLar Space, a cellular apace ulth. a yinme tribal C?anelGl4d 
rulaa. If completely iBotropie there ig tici preferiTAd direction. 
Also a mlrTor image configuration uill alufiys wiilntftin its 
reflection aynmetry with the ri^^l tanfi^ratioftt 

Iterative Array j a regular arr&ngewent &£ ii-bUs Such EhaC any region 
of the array looks exactly lilyj every other except for the atacea 
o£ the cells in the reglCtn, and except for boundary regiona of 
the amy if it ia finite in extent, 

Neig^b^r CeLIi a cell which contrlbuteB Ita state in forma tlomi directly 
to another cell^ thereby influenting the fteKt scace e£ thlt cell* 
Uaually a cell ia cotiaidered as one o£ its own tieighbota, 

Helghltforhood, the set of neighboring eel la an which the next etate 
transition of a cell ntay depend. All cells, if identical, have 
the Eane geometrical ahape at their neighlKhrhoode ^ 

Quiea-cent Cell, a cell In the qu lea cent ^tate. (see {Jui^ecgctt State) 

Quiescent Space ^ a region of the cellular ^rvi-y (^PnSiating of 
quiescent i^ella. 

Quiescent State, a dia tinguiflhcd state, denoted by or blank, whi«h 

obeya the following trentiitlOn ruleL 



0^ * 

Q 
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PflBEive Ct>nfipirilCiCir), S ctm figuration which remaina unchangctl 

during s. ticaE atsp^ 
5 6 1, £^r6|p¥^uc 1 n 1^ ALitoc^tDD , a ce^ltulat auCdnUlton tthicll can suppiort 

in initial- n on figuration vhich hd« tll4 property Chat $fteir a 

finite ti^ne there are tvti or mo re conflgutdtiOC* idl^ntiCfll tQ 

the origin*! tonfleuratioti. 
rra,naLtlQn BuleS , the set «£ ruiftS speelfyi[i£ the new state cff a 

cell ae a function of the ptaBsnt Bt*tft &£ the cell's tiei^bors. 

A typical transition rule biaa the iom 

H 

S 
where thfl Iflttere SCand ^ar current fltate^ Result Btate^ Slprth, 
Eaet^ SCuCii and M«9C neighbor'' fi states. 

Universal Comrputet, a cellular a Cray wfioia conf igiiratlona at different 
timeB may be in CeVp re tact »9 pe t £o ifming any comfujitatioin. 

UniverBdl Cons true toif, A c<irt£igafaE:ton capable of conatrueting into 
quieecent epac*, *h<5tll4lf COrtfigMVfltion ^^ich may be of arbitrary 
Bize and may itself ba cap*l>le of vntver&al computation and 
universal c ons t rue ti ftn » (th* «£i«t«nc« pf Garden-of-^en con- 
figurations may preclude th« COflStfMCtion of arbitrary configu- 
rations; hence thia definition.) 
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APFEIOIOES 

fiiisAc Jlppandices are reproduced directly ivtm ctie couipuEer 
fiirauLation print rmt eiLcept foir re f (jra* t ing so that each ceLL uppeara 
t* havfl -equal height and lengthy fl iftte the computer prinCout did 
not 4 ll^r 'equal vertical and horizontal ifacingn 

Appendix I con Cains Che aimuIatioKif oi ttie CDcnponeritB of the 
universal compuCer ccmfigured in an array of twO-BCaCaj f ive- nel ghh-o-r 
CQ 11a . 

Append ieea II, III and IV t^nt^irt tvL* ListingB and a imu La tl-on^ 
of the ccmponenCfl of Che three- st*te £ 1ft it sly cpniifiurB-d universaL 
coEffipuCer, Che t?w- state ftiftft-neighbor finitely confiftUTed universal 
compucer and the J;oyr~State uniVftrsal constructor, respectively. 

"Etifl conipuCer simulation program -viiLS i*rittftn to run. on the Kulclca 
tima -sharing system and is available on fl.L« at Proje:ct MfcC* Another 
vcffiiCai of the program was written in LISF 60 run on t tie ITS tiiae- 
iharitl;^. SyftCein. (Actually such aimuLationi pr9gr*ms are easy to urite.) 
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APPEHDIK 1: THE THO-STATE JNFISrTELV CDHFIGUR20 UNZ^XRSAL COMFUTER 

Computer SiMuLfltiOil *f th^ Wixe ami Dead-«hd + 
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N*tlt* partitulftrly the diAapp^aradce of the algnal In eyelei 6 and 1 
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COMPUTER SmyiATIOM OF Tflfi FAHOUT. 

The algnal enter in j; fcoim the le£t will fanovc the Other ttirae 
anna of this element, De^d-eftda are Meed te kill these s igna Ls in 
thia ainuuLation-'-iiD-rmflily Cliey woqld jpreceed to inoif* useful eleaienCB. 
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These: next three cycles o£ HunulflClOrt slio-w the algnal nioviiig to the 
tenders ids: of the Junction r 

1 1 I 1 1 

1 1 1 
1 L 1 
1 L 1 
111 

lllllLLL LLL I 

lllllll LLLLL1111J.1X 
llllllllL LLLLLLIX 
11 ILLLLLXl 
11 L L L I 
1111 111 
1 1 1 
11111 

«ytle 4 

1 1 1 L 1 
111 
111 
111 
1 I I 
1 1 1 1 I 1 1 I 1 1 1 I 1 

I 1 1 1 1 1 1 1 1 1 I 1 I I I 1 1 1 1 
lllllllll 11111111 
11 11111111 
11 ill I 
I I 1 I 111 
111 
1 I 1 1 1 

cycle 5 

1 1 1 1 J 
1 1 I 
I I 1 
1 1 1 
1 1 1 
llllllllllll I 

lllllllll llllllllll 
llllllll ^ Illlllll 
11 ^ Illlllll 
11 III 1 
1111 111 
1 1 1 
1 I 1 I I 

( [J ofi tl tiued } 
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In cycU S Che sisnal 1* Jtj&t beginning to start out the CKlt wtrts, 
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lei Cheae three cycLi«* the siaflals have begun their «3ttC frtM the 
fanotit; however char* it StUL A spuriouB sigpal io the ah^rt leg 

which Quuat he anihilated lattr^ 
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In thede tliree. final eye Lea the exiting ^iftnuls are well c la«t of the 

junction. In faet,, the upward moviTig en£ ^eotmteiCS th-e d^iad-end and 

is completeLy d&atroyed. Note also the d M t nut t iOn of Che aignal in 
tiiB shorL le.g rfcturnin^ the fsoout to it* original atitSr 
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1 I 1 1 1 
1 1 ^— 



1 1 

1 1 1 
111 
llllllllllll ■I' i 

111111 llllllllll 111 
111111111 I I llll 
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LI 11 1 
1111 > 11 
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11111 



Cycle 13 
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111 

ILL I 

LllLlLlLllll ^ 1 

L L 1 I L L 1 L 1 1 1 1 1 1 1 1 1 11 
L L L L L 1 1 1 ^^ llll 111 
L L 1 L L I 1 L 1 L 

1 ^ I 1 L 1 

llll 1 I 

I 1 
1 1 1 I 1 

c vc le 14 
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CEND) 
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COMPUTER SrmJUTlOW OF THE LMSIDE-TO-IHSIIiE CURVE 

Thtg ilrauLatlon will show how tho dowtfiward-movlng algnaL will 
bfeCOrAe « ifight-raovLiig Bigrial, b&tti Signals tetng on the inside aide 
of til* «i^!fve. 

cycle D cycl« 3 

ILL 
ILL 
111 
1111 
111 
1 Ij/ 
111 1 

1 1 1 1 1 1 1 
llllllllLLLLL 
1 1 I L L L L 

1 1 L L L L 
L 

C3Wle 1 cycle 4 

111 L 1 1 

ILL 111 

111 111 

111 1111 

1 1 *r^ 111 

111 111 

1111 1 111 1 

1111111 Jl I 1 I 1 1 1 1 

1 1 1 1 1 I I 1 1 1 1 1 1 1 1 1 1 I 1 1 1 1 1 I I 1 

1 Lllllt 1 11 I III 
111111 llllll 
1 1 



























1 1 e- 


— - 




























I 


1 1 1 


1 


1 


1 I 


1 1 1 
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111111 
1 1 1 1 L 1 
1 



eyela 2 
















































































lilt 








































1 1 *r 
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111 










1 1 1 
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1 11 
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^t 1 


1 


1 


1 


1 1 


1 


t 


1 


1 1 1 1 1 1 1 1 










111111 



Ittlll 111111 

1 I 

(coEitinued) 
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Notice ±n cycles 6 and 7 tbaC a sputiflus signal Eirt«d te return baelt 
up- th£ input buc it is ha iced by the exCra 1. fiiotice alao Che peetillsr 
typft propagdCion In the ^ecCtcNn <)£ widch two. This Cype propagation 
ua6 the basic type propaj^*t£on for another vev9i-0n of twiS-atate autcm^tOr 



cycle 

1 1 

1 

1 
L 1 

1 



1 1 



cycle. 
1 1 

1 

L 
1 L 

L 

1 
1 1 



T 



1 
1 



1 
I 
I 



1 1 

I 

1 

1 1 



I 
I 

1 
1 
1 
1 
1 
1 

T 



1 
1 
1 



1 L 

L 

L 
1 1 

L 

1 
1 L 



10 



I 1 

I 1 



1 
1 X 

1 I 



eye In 
1 1 
1 1 
1 1 

111 
1 
1 

1 1 



1 I 

I 



cyclE 

1 1 

L 1 

L 1 

I I L 

I 1 

1 I 

I 1 L 

1 

I 

1 



11 



1 
1 
L 
L 
1 
1 
1 
L 
I 



1 1 
I 



t 



1 
\ 

1 



(cDntlnued) 
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In thes* final cycles tht StgnaL reatheB tha output wtce. 



eyel« :E2 
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1 1 L 1 L 
111 
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I 1 
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L L 


L 1 


1 
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L 


L L 
L L L 


1 

L 


1 

L 



cycLe 

1 1 

I 

1 
L L 

L 

L 
I L 



U 



i 

L 
1 1 
1 L 
1 



L 1 

1 1 
1 L 



cycle 

1 1 

1 

1 
I 1 

1 

1 
I L 



16 



4- 

I I 

1 1 

111 



cycle 

1 I 

1 

1 
1 1 

1 

1 
1 1 



lA 



4- 

1 1 
1 L 
111 
1 



tycLa 
L 
L 
L 
1 
L 
1 
I 
1 
1 
L 



1? 



1 1 1 
L L 
L L 



1 
L L 



L 
1 
L 



(m>y 
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THE mQlC Fl/PfCTlON: £ AITO MOT k 

Cama I^ A input only. 

"B and not A" Ji^j bha tnith. value fa U« for A Input only. Thus 
-diB signal nmvlng downwatd should be descroysd and nothing should 
r*ach the eKtt wire on Che tisht. 

cycle 
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1 








L 


1 






A 


L 


1 
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1 


I 1 
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1 
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L 
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L 1 I L 1 L L 


1 1 1 
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Dutpajt vire 


I 1 I 1 L i 1 
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1 1 


I 1 1 1 1 1 1 


I 1 i 1 1 1 1 
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1111111 
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1 
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1 I I 
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1 1 1 
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1111111 


1 1 1 
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1 i 


1111111 


1 1 L 1 I 1 1 


1 1 
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I 1 I I I 1 1 




I 1 
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I I 1 1 1 1 1 




1 1 
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L 1 1 








tytLe 2 
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1 
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1 1 
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1 I 1 1 I 1 1 


1 1 I 








1 1 1 L L 1 i 


L L 1 




1 i 


1 1 1 1 1 1 L 


1 1 1 L L 1 1 


1 1 




L 


1 L 1 1 1 L L 




1 L 




L 


L L 1 1 1 L L 



1 I 
1111 



CconClnuBd) 
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Th* ci^*! is truly dfcetroyed ±n thesB three cycles and the Lojie 
ctftment is left in ite ertjlnaL poaltlOn^ 

cycLft 3 

111 
111 
111 
111 
1111 

^ 1 1 

llllLlllllll 
ILLllllllIllllLlllll 
lllLllllI lllLlIll 

11 llltlLll 

11 1 



1 J I 



cycle 



111 

1 1 1 

1 1 1 

111 

1111 

111 

1 1 
llllllllllll 
llllllllllllllllllll 
111111111 llllilll 
11 llllilll 
11 I 



1 1 



eycl« 



1 1 1 
1 1 L 
1 1 1 
111 
1111 
111 
111 
llllllllllll 
llllllllllllllllllll 
1 1 1 1 1 1 1 1 1 llllilll 
II llllilll 
I 1 1 

1111 

(EKD) 
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THE UOGIC FUKCTTOW E AND HOT A 

Case II J A *Bwi 3 Bsttl Input + 

Agaifi tht truth value of thl? funtti&n sTi^-uLd im falat or tiO 
ftntfujtt These firet three cycles show the S i^ria Le entering the 
Logtc- fvtl&tlon eLaaftTit, Mote the reae^nblence tff the fanout alejatoti 





L 1 1 






L 1 




A 


^ 1 1 

L 1 1 1 




°V 


L 1 I 
L 1 1 




L L L L 1^ 


1 1 1 1 1 L 




1 L 1 1 1 


1 1 1 1 1 1 1 I 


1 1 1 1 1 I 


L L L 1. L 1 


111 11 


I 1 1 I 1 1 




11 11 


111111 




I 1 1 





1111 



cycle 





1 1 1 
1 1 1 






^ 111 






1 1 I 






I 111 




111] 


III L I I 1 1 




III: 


LI 1 1 I 1 1 1 1 1 1 i 1 


L 1 1 


1111 


L 1 1 i 1 1 11111 


L I I 




11 11111 
1 I 1 


1 I 1 



1111 



cjclfl 



\' 



111 

ILL 
1 1 L 
I 
L 1 



-* 1 L 1 
llllLLI IILL 
llillL LILLllLlLlllL 
IlLlllLLl ILLILLLl 

11 ILLILLLL 

LI L 



L L 



(frontinusd) 



I'hfise Chree cycL*3 slao« the nuaeting of fhe i-VO alijiali. SoCiea th« 
in t r«i^M<: t ion of thft apvri&uiJ signaL Into the s\\iOrl Le& yhich, Eust 
Ut*r disappear. 

111 
L 1 I 
i 1 1 
1 1 L I 

\^ 1 L 
llllLLLL IJLIL 
llllllL LLLLLLLLJ-LIL 
1 1 I 1 I L L L t L I L L L J. L L 

11 1 L L L L J. L L 

1 1 L 

1 L I t 

cycle 4 

1 1 1 
1 I 1 
1 L 1 
1111 
111 
1 1 
LLLiLLLLLL IL 
1L1L13-LL llLlillllll 
LLLLLLLLL LlLlLLLl 
I L L L L L L L L 1 
L L 1 
1 L L 1 



ILL 

I L 1 

ILL 

L I L L 

1 I L 

L 1 1 
llLLllllll 1 
LLlLLllLllllllllllll 
L L L L 1 L 1 1 I 1 1 1 1 1 1 1 



1 
I 

L L L 1 



L^ 11111111 

I 1 



(cont j^ni^^ii ) 
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HlftSft last ChreE cycles shav tht ArtlhlLation of the e|^u^lwlB sigiiaL 
Lei the shoxt le^. Ifhu? ti* aigtiftL reEulted in the OUEpuC wife and 
the logic eL-ement retUTOe4 t<f ite originaL state, 

eye It 6 

111 

L 1 1 

111 

1111 

111 

111 
Llllllllllll 
LLlllIlllIllllllllll 
ILlLlIlll llllllll 
L f^ 11111111 

I 1 I 
I L 1 1 

cycltt 7 

111 

til 

111 

L L 1 1 

L L I 

ILL 
LLLLllllllll 
LLllllLlllllllLLLLLl 
ILLlllLl llLLLLLl 

II lILLLLll 
L L 



I I L L 



flyclfl 9 



111 

111 

111 

1 L I 1 

1 L 1 

1 I L 
llllllllllll 
1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I 
111111111 11111111 
11 llllllll 
I 1 1 



1 1 



(EUD) 
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THE UiCtC PUKCriDfiT E ASID MOT A 



C*se IIL^ H Input Only. 

This ia the one cae* ifl ?jMch a signal shoy Id CciJ.c;l:i tlie outfiut 
Hire, Ttie operation ig enHctLy par*ll&l to the fanouC oparatlpn eut&pt 
that the aigndl tryltig to get out tht A, Input is aniJiilated by thft 
eittia 1 on Ehd rlRht Ride of the A input wirt. Only selected cycled 
ara shown r 



cycle 



1 

1 
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B, 



1 1 
1 

1 1 
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1 
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1 

L L 
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1 
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cycle 



1 1 1 
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1 

1 
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cycle 



1 1 ^ 
1 1 



1111 



(contlttued) 
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Cycles ?, 6, and 9 show tlie sis^nal reaching the output wirE and th& 
*purious signal stATtlng up the A input wire. 



cycle 
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1 L 



c yc le B 
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1 
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1 1 
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1 

1 

1 

1 

1 
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cycle 9 
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1 
1 1 
1 1 



L L 



(c^fLtlnued) 
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CytLei 10 1 l-l-> *nd 12 aliici« the d be t fuc ti Wi of the spurious signal 
and Ctie eutpuit reaching tht reauLt wire. tJni spoiiioiia aignial. left 
in the short leg v?ill anibiilate iCisLf two eye lee Later i» cycLe 
lA (not sbiOwn^* 



eye le. 10 
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111 

1111 
11 ^ 

1 1 
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lllllllll 11 
LlllllII lllLL LILIL 
lllllllll 1 ILllll 
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cycle 11 
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1 1 1 I 1 
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111111 
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eye 1-e 12 



1 1 L 
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I I I 

111 , 

iiiiiii 11111 4' 

11111111111 iiiii 111 
lllllllll 111 1111 

I 11111 III 

II 1 



1 1 L 1 



(ENC) 
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IHE CLOCK 



Tiieae cycles r«pros<4int: one full period of s cloak: + Clocks wttli 
otlte'T periods can «lso ba cona true ted. This deck, however, hae 
« pettod of eight cycles. The oiitpuiC te fei into a dead-end to des tt&y 
Ch* sifinalT for the sake of this 9 Lmu la t len only. 



cycle 
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cycle 



1 

1 1 
J. 1 

I 

cyclE 



1 

1 1 
1 

t 



1 1 

1 1 

1 



t 



111 

1 1 

1 1 
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cycl« 
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eye le 
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Notlct t>ic EquivaLsnce *f eye lea 
eight an4 aero. 
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APPEHIHE II: THE FIHlTELY OOHFIGURED THREE-SH^Il (JTSTIVEESAL COMPUTER 

The Trans it iin Eulea . 

The-Eft ttiUs aTE listed in the form "(CHESHft)*^ uhera C t^prssent* 
Che current stdt« "£ th* celL, M the aCitft o£ the North neigJiboT;, 
Eaat, Smith and Hest netgtibora almiUrly *bbi:euiated^ and finally R 
repTCBentB the r&Sv It state. Only CtansltlOP riilea are listed, 
i.e. q is di££erftnt fwm ft. Also, slbcq ctie Xv-lse are isotropic ^ 
only one mta of EftcTl f^ntily ts li3t€!d--che toeACicmg acid reflectipne 
poaathle with the neig^lbors S* E> Sj and tf ate not *11 gticwn. ijThe 
quI.'eS'Cent state is denctB^J by blank.) 

< 1 2) 

t 111^2) 

< m 2) 

( 12 ^) 
( 12 23) 

( 12222) 
( 222 1> 
( 2222Z) 

< £1 12) 
<U £) 
<II222 ) 
(1222 ) 
<li2 ) 
<2 1) 
(21112 ) 
^11221) 
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Cofitpute? SbflMlatiwi &£ the Wire with SignaL and the De&i-end* 
NoCLc-e the disappearance of the signal in cycLeE 3 and 6. 

222232222222 
22222 L22222 
222222222222 
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222222222222 
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222222222222 
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■eye Ifl 
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cycLfi 
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2 
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■cycle 5 

222222222222 
2222222222 2 
222222222222 

ty*Le 6 

222222222222 

222222222222 
222222222222 

<Biini> 
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SlmilatiDn of ttie Fattout o-r Jimctljon. 

The sigofll entfititig froa the Left viLL b* 
th£ QtLi^r three wires in cydt^S 9 and LD. 



t* l48ve f¥0«l 



eye ie 

^^^ 
^^^ 

2 2 2 

22222222^2222 

2 122222^2222 
2222222222222 

2 2 2 

2 2 2 

2 2 2 

Z 2 2 
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cy^ \^ 1 
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a z 2 
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222222222 2 222 
22 L2222222 22 
2222222222222 

2 2 2 

2 2 2 

2 2 2 

2 2 2 

2 2 2 

cycle 2 

2 2 2 

2 2 2 

2 2 2 

2 2 1 

2 2 2 
2222222222222 
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2222222222222 
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eye Le 3- 
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2222222222222 
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■c yc ic 4 
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2222212222222 
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22222 1222222 

222222 122222 

22222 1222222 

2 2 2 

2 2 2 

2 2 2 

Z Z Z 

2 2 2 



(ccmtinuBd) 
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In fhcSc rwiiaiiiing cy€LeB^ the Bigji-aLs ^Kle thft Oth&r three wises -itid 
enter dead-^en-d wires where they ata ATiitiilatsd, 



eye Le & 

1 2 i 

2 2 2 
2 2 2 

2 L 2 
222222 122222 
2222222 12222 
222222 122222 

1 L 1 
111 
111 

2 2 2 
111 

eye le 7 
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2 2 2 
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2 12 
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222222 22222 
22222222 1222 
222222 22222 

1 1 
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cycl4 € 

2 2 2 
2 2 2 

1 L 2 

2 2 
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222222 122222 
222222222 122 
222222 122222 
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2222222222 12 
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tytLe LO 
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eye La 1 1 

2 2 2 

2 2 2 

2 2 2 

111 

12 1 
2222222222222 
2222222222222 
2222222222222 

2 2 2 

2 2 2 

2 2 2 
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(END) 
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Sljni^iLatiiM of the Two-Input/TwTS-Oiritput property of the JujiCClOd 

It is Sftfcfi in these s lnui la t ions thaC Cwo icipiitB at right atiEle* 
will rcBTilt In tuo output signals on th* other t«o uirsB ^ hare dead- 
ended. 

cycle cycle 3 Cycla & 

2 2 3 2 2 2 2 2 2 

22 ZZi 2 2 2 

212 2^2 222 

2 2 2 2 2 2 2 2 3 

22222222222 2222L 12222 22222222222 

2 122222222 2222 122222 22222 2 122 

2222222 2222 22221222222 222222 2222 

22 2 222 2 2 

2 2 2 2 2 2 2 12 

222 222 222 

2 2 2 2 2 2 2 2 2 

cycle 1 cycle 4 cjfcle ? 

222 222 222 

222 222 222 

2 2 2 2 2 2 2 2 

2 12 2 2 2 2 2 2 

22222222222 2222 2 22 2 2 22222222222 

22 12222222 22222 122 2 2 22222222 12 

22222222222 2222 122222 22222222222 

Z22 222 222 

2 2 2 2 2 2 2 2 

222 222 212 

222 222 222 

tytle 2 cytl* 5 cytle a 

222 222 222 

222 222 222 

222 222 222 

2 2 2 22 222 

22222L22222 22222222222 22222222222 

222 1222222 22222 1222 2222 2 2222 2 

22222222222 22222 12222 222222 2 2222 

2 2 2 2 12 2 2 2 

2 2 2 2 2 2 2 2 2 

222 222 22 

222 222 222 
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tbs Three- Input Afl Ul 1. 1* t li>n Property of thft Junction 

In is seen in these coEputer -linni lutions that thr** signals 
drrivlufi slmultancfiuely ars mutually Ai^ihilaCed. Cycle 5 is seen 
to be th* original junctton confi^vfafclcmr 



cycle 

2 2 2 
111 

1 1 

2 12 
2 2 2 

2222222222222 
22 L2222222£2 
2222222222222 

2 2 2 

2 L 2 

2 2 

2 2 2 

2 2 2 

c vc le 1 

2 2 2 

2 2 2 

2 2 2 

2 2 

2 L 2 
22222222222 2 2 
22 2 122222222 
2222222222222 

2 L 2 
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2 2 2 

2 2 2 

2 2 2 

cycle 1 

2 2 2 

2 2 2 

2 2 2 

2 2 2 

2 2 
aE2222122222 
a 2 2 2 12 2 2 2 2 2 
222222 122222 

2 2 

2 2 2 

2 2 2 

2 2 2 
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eye le 3 

2 2 2 

2 2 2 

2 2 2 

2 2 2 

2 2 2 
222221 1222 2 2 
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222221 122222 

2 2 2 
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cycle 4 

2 2 2 

2 2 2 

2 2 2 

2 2 2 

Z 2 2 
2 2 2 2 2 2 2 2 2 2 2 
12 12 2 2 222222 
22222 1 22222 

2 2 2 

2 2 1 
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eye le 5 
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2 2 2 

2222222222222 
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2 2 2 

2 2 2 

2 2 3 

2 2 2 

2 2 2 



(EHD) 
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Sinmlatlon o£ the EKtenelbLa Wire. 

The signal Atea propagiting to th4 right tci cycle OwiLL reflect 

£eob the end of th£§ wire (due to Che fiKtra "2" dla tinguiBhing this 
wire fr^ni the /^aad-^ad configuration) gertsratitig an echo signAl. sS se«n 

In cycles a and 9. Tii* wire i& also length.«ned by two cells. 

cycle cycle & 

2222 2 22 22222222 

2 22 1222 222221 2 

2222Z22 22222222 

cycle. 1 cycU 7 

2222222 22222222 

2222 122 2 2 221211 

2222222 22222222 

cycle 2 tTCU B 

2222222 222222222 

2 2 222 12 22212222 

2222 222 222222222 

cycle 3 cycle 3 

2222222 222 2 22222 

2222 2, 2 2 221222222 

22222 2 2 222222222 

cycle 4 cycle 10 

2222222 222222222 

2222222 1 2 1 22222 22 

2222222 222222222 

cycle 5 (E™) 

2 2 222222 

2 2 2 2 2 2 112 
2 2 2 2 2 2 2 2 
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Stmulatloti iti the Meeting of TVa Signala 

TVu Signala aeen rase Ling in ptiaae i^itH aach other i^lLL mitualLy 
an:Ltilist:e eacti i:ttk«r, 

cycle 

2222 12221 22222 
2222222222Z22222 



cycle 



2222222223222522 
22222 L2L 222222 
2222222222222222 



CTcle 2 

2222 222222222222 
222222 2 2222222 
2222222222222222 



cycle 3 

22222 22222Z22222 
2 222222222222222 
2222222222222222 



00 



APPEKDIS III: T356 TWO -STATE, NINE-HglGHBOR FINITELY COMFIGU^ID 

USIVEESAt COMPUTER 

The XraositiOA tbtiles- 

ItesB T^iJcs are Listed in the fpnu "(CatcdefghE)" wtiilfe 
thft letters "fltcdefgh" rftpteaent the neigh Iwrhond taken eithet 
clocfcuiaft or counter-clockHtse fvoia any comerH §£■& AppendLH: II 
for further e^spT-ainatLon. 
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* Ttie letter after flach etirtitElon rule Icidl&atftB the purpose for 
which Ehe rule wbb crBate^^ P correaponda Co signftL -pro^pagatton^ 
e to echo and j fet tha juTictijOD properties* 
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StiiUlftCidii of the SifiiLaL Enttrlng the Dead-end, 

The riglit-CEivin^ itgrial cf cycle ^ere i« cflan to he aAihiUted 
lb Cyc Ig ^ of this d^ad-^nij wire. 

eycle 



III 1 L 1 1 1 1 
1 1 I L 111 

111 t t i 

1 



1 



eye le 



I 

1 1 1 L 1 L 1 1 
11111 11 

1111 11 
I I 



I 



cycle 2 



1 



1 1 I L 1 L L L 1 
1 1 I 1 J. L L L 
1 1 I L L L 
1 



L 



eye le i 



1 



llllLlIlll 
1 1 1 1 1 1 L L 

L I 1 1 1 1 L 
L 



1 



CKHO) 



S2 

g Ijiiu la t iOrt cf the Ex.tfinaJ.ble Vfize. 

Th* ri^ht-Boving signal reaches the en^ of the axte-nsibLe wire 
with thft r&Stil-tB of <37:tcjidtfife the wire Ati4 of genera tina 3ft fi-chfi 
sigiiaL. EitkCt the BignaL cAfl iftach tha ftnd &t this uiro in two 
different phases s hoth cifeftS *re ehown. 

cycle eycle 

I 

111111 1 1 L I I I 

1 I 1 1 1 1 I 1 1 L J. I I I 

1 1 L 1 1 1 L L L L I 1 

1 

cyc^lfi 1 cycle 1 

1 
111111 111111 

llllllll 1111111 I 

llllll 111111 



1 



cyctA 2 eyclfi 



1 

t 1 1 Ji 1 L 1 1111111 

1 1 1 1 L 1 1 1111111 

lllltLl LLlLlll 

1 

cycle 3 C^la 3 

1 

L L 1 1 1 1 I 1 I 1 1 1 1 1 

I 1 1 1 1 L llllll 

1111111 1 1 1 1 1 I 1 
1 

cycl« 4 cyclfi 4 

1 

11111 11 1111111 

11111111 llLllll 

lllLlll lllllll 



1 



cytle 5 cycle 5 



1 
lllllll llllLLl 

111 11111 111 11111 

lllllll lllllll 

1 



S3 

SinHiLfltton of tlie FflH^yt Pr(?p*rty of tha Junction. 

The signal seen -ent^rrln^ th* iTmcttpn fnoiE the top ■wire is 
seen Cp exit the other three wire*. For brevity^ the ei^tial Jj 
shown aljnfi3t int<j th* Junction in cycle 0. 



eye ia Qyc Le 

1 L 1 
I 
1111 1 

111 

iiiiiiiiiii 1J.I 

lllllllllll ILL 
llLLLllIlll LLL 

L 1 1 
I I 1 1 1 1 

1 1 1 

1 1 1 

cycle L tycLe 

L L I 

I I I 
1 1 i 1 

I 1 
L 1 1 L L I L 1 1 1 1 L 1 1 
LlLLlltlLLl LIL 
LLLLLLLLLLl LLL 

LLL 
L L L I 1 1 

111 

ILL 

oyo 1 e 2 (JVC Le 

L L L 
1 I L 
1 i 1 1 1 1 

L 
11111 llllL 111 
IIILIIILIIL ILL 
lllllllllll LLL 
111 
11111 1 

111 
I L I 



3 
1 
L 
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L 
I 
1 
1 
1 
1 
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L 
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I 
1 
L 

L 
1 
1 
1 
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1 
1 
1 
1 
L 
L 

I 
I 
I 
1 



eye le 6 

I 1 I 
1 1 1 
L 1 I i L L 

111 
ILll 111 111 111 
LLLL 11 11111 11 
1111 111 111 111 

1 
L 1111 

111 
111 

nyc l^e 7 

1 1 I 
111 
I 11111 

111 
LLLL LL 11111 11 
LLli 1 LILILLL L 
1 1 L L 11 L 1 L I L L L 

1 I I 
I 111 

L L 
L 1 1 

eye Le 3 

LLL 
111 
L L L L 1 1 

LLL 
LLLL L LLLLLLL L 

LLL LLLLLllll 
LLLL L L L L L L 1 1 1 

I 1 1 I 1 1 

1 
1 1 
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Slcmjl*tloa of the Two- Input Anihilation EtoperCy ef the Junction. 

Th« «j.gf34l3 aeen entexing the juocCiOa ia eyde 9?e mutually 
anihllatied in cyclfis 3 and 4f 
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SLntulatiEjn of the Tli tee- Input Property o£ tltft Junction. 

three StciaLltaneoaiB inputs enter Ittg the Junction ar* anihilaCed 
»» ieert itt eye Las 3 to 4. 



tyul* 



L 
I 

1 
1 
1 
1 
1 
1 
1 

L 
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cycle 



I 
1 
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1 1 



cycle 



cycle 



1 
1 
L 



cycle 



1 
1 
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I 



1 

1 
L 
I 

1 
L 
1 

1 
1 

1 
I 



(ETO) 
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ElrtuLation of thE Operation of the tbaae Convertot Elemtittt* 

Thfi ph*se aonvertor'B purp-osn is to roHke the phase of a 
algnal uniforrn rtgardLesE a± ita pbiasB On erttry. llexe Me illustrate 
both caaea of entry ptlai^ v±fh o-ne aignal by putting tht upper 
half of the signal itt one t>lVMe (an esKtra 1) ami the lower h^lf 
in tine other. 



Cycle 



cycle 



1 

I I 
111 
1 I 



1 
1 
1 



1111111 1111 
llllllll 111 
lllllll 1111 



ciycla 



eye 1b 



111 
1111 
111 
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1 1 
1 1 
1 1 
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I I 
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1 1 L 
111 
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1 1 1 

1 I I 
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J, 
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1 
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cycle 



cycl6 S 
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111 
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1 1 
J I 1 
1 1 
1 



1 1 

1 
1 1 



1 1 
1 1 
1 1 



1 1 1 1 i I 1 1 1 1 1 
1 1 1 1 1 1 1 1 i 1 1 
1111111111 1 



cycle 
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I I 1 L 3. 1 1 1111 
I I I I I 1 11111 
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APPENDIX IV; THE FDUR-STATE UWIVEKSAL □OMSTSJUCfOR 
The Transition RjuLeB. 



These tij^les are Listed tfl t3lft f&rn 
for fiiEther bKpianation. 
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See Appendix II 
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Computer SimiLatteti of the Siena 1 in th* Wire and the Dead -end + 

iVie 3lBJiaL seen moving to the right li 4eatrojred in eye: las 4 
and 5i 

cycle 

2 1 K 

c yc Is I 

2 1 X 

cycle 2 

2 L K 

KXKXXXX.)iLXK 

tyc La 5 

2 1 X 
X :i X X K )/i x 71 m ^ 

eye le 4 

XXXXXKXXICV 

2 X 
KXXkxk3l:£XX 

eycle 5 

HKKXTtXXXXX 

X 

XUXKKXKXXX 
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Th« Sl,fAUl9tf.Qn i?i tti« Findut FfCjpeTCy of the Junction. 

Th«. »lgA«l 9«en «nC«rlng frcm the left in cycle fang out the 
Qthfr t|ir«« wires In cycles 7 and S, Notice the delay of one cydt 

in c]rc],«s S and 4. 
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stimulation of the Two- Input/Two- Output Property ai the June C Ion, 

The two signs iB Mtt¥^ng the junction at tight &A^ltS Ar*. *een 

EKltiDE the other two wire* in cycles 6 and 7, In this e*^e theie 
±B an delay. 
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SimylatLOEi of the Anlhilatioo Properties, of the jLinctipft 

Thege two elmulitions illustrate that tvrt? fllgnili ftTitettng 
the J line E ion 3 not at right iLc;:^li;» , Ani ttiaC three entering eignaie 
will lie anlhiildt^d. the 9iiTLuLatii:?EtS l^i^^in with Ch^ signals almost 
in Ghe junction^ 
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SimuIoClCiiif Ot, the Creation of Single Wltig SiAnftl fnrm I^sl? gi^al. 

ft?* '^12."" type loglQ signal entsring this dsvicfl iv ';;vtl« Q is 
setii to liecotiie a a ingle wing signal prppAgHting <mt tti« skLflrty wire 
Ifl cycles 5 through S. 

tytlt cycl* 5 

K "K 

cycle 1 cycle 6 

JtKltXK JJKKKK L 

2 1 KKKVsitix kkt:Lkti^k 

cygLc 2 cycle 7 

^V J^ >n lOi av jn ^i JV lAi ^S '^ 

2 1}CXltKXK3!X XKKKlXKK 

X X 

cycle 3 tytle S 

H K 

cycle 4 cycle 9 

:t X 

StXiJtKK K.K3CXX 
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SiiauUtLon of th^ Qr^t^tioo. of the Cone tnittltlg Ana. 

The CflLliiion of two of the prevtoiiS single wins sijttifll* oraaCes 
the aria tod shatrtl in cycle &. TWci m&re signals are seen Cq fill in 
the ^P' At thA arm's 'base. 
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cycle 6 
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£ imu la t LOn q£ the Lengthening &f Ctte kvm. 

TvW 3 ingle -wing si$i1al» colliding at the strHL''s basa chubb a 
dCnilile-iflfte Siiflcial to p£Opa((ate out the arnit This doubLe-winE 
lengthene thft 4nB and gEiiBTitas dn ftchci atgnfll^ 

cycle cycLs 4 cycle S 

a: 3C X 

St 1 1= X 

1 X 1 at 

L It I X 

li L KL X 

X :l X 

cycle 1 ^jfCU 5 cycle 9 

3E K at 

3E K ae 

5t 1 21 I X 

34L 1 K 1 K 

I X X 

X !C 3t 

cyel* 2 cycle 6 cycle. 10 

X K ■ 

» it ■ 

I X 1 X 

K53CKKK IlXXlX kkIxXI 

X X 1 3£ 

X X S 

X X X 

cycle 3 eycle ? cyde 11 

X 2t * 

, S X 

k1t:t£xs x3cskk2 xL KKJta: 

K K I i X 

It X X 

X X » 
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The ProcBss of Oonatrtietlfln by Use of the Era S ing- Wing Sl^gnjli 

HoEnifllly Che return of the ectuo aigtial As in Clie previous 
smulacion resulLs tn i ^a-p Left at tlie ba*a Of the am. This gap 
is filled aa shown in an earlier i9 i.mu ] a C ion . Howev^if, if two niore 
a ingle -wins slgndls are ayneLhronised wich Che rettiiw o£ the echo as 
ahown in these aimulationa, then the eraaing-wing Li tfoatad, Vfh^a 
this eragtng wing reactiea the arm's end, it deposits Sn k just beyond 
tlie end »£ where the a.m\ wasn 

=¥^ie 4 cycU S 

I 1 X 1 

^^ xlstKStitxit 3c Ixs 

It 1 3C 1 

tjrcle 5 cycle 9 

K 1- X 1 

K 1 Si 
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cycle 3 ■cycle 7 eyele il 
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iJEND) 



SlmuUtton of Three GdS«S flf Che Erasiog-WtPiS Keaching thft kTtn* S Erid. 

Three tftsftS are jbown fof che eraaing-wtng signal reaching the 
«Ad of tb© aim. "flies e three c-MftJ cot reapo-nd Co the allowable 
c^JfiflguraEiona df k's aLrtady in tJm Cfmst ruction zono+ Tlie caae of 
th£ HTm's having tt> deposit sa x bfttw^en two eaEiating a' a never 

cycle ey-cl* CJ cycle 

1 L It L s 

1 L 1 

eyele 1 cycle 1 cycle 1 

J. L K L K 

L I 1 

cycle 2 cycle 2 cycle 2 

1 1 :t 1 X 

1 L 1 

cytl& 3 cycle 3 cycle 1 

1 1 TI 1 K 

1 K 11 Ik 1 X X 

L I 1 

cy-cls 4 cycle 4 cycle 4 

1 1 K 1 It 

2 s 2 2 X 

L 1 1 

cycle 5 cycle 5' cyde S 

All A> A ■■" ■■ 
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SijsifLiLatioTi of the A,Ctlv*t£<)-ti ELanent. 

An arasitig-wing sJlgtial Seen eciterine titii elftnent in cycLt 
ia Been to creatfe a "12" type BignaL in aytL&s ft, ? and &. th« 
garbage Left bLocking the Entrance after iy^lA 11 can be. refLiauflid 
(see a Later .j Laiu La tion) i 



c yc le 


K 







eye 


le 


X 


5 










cycle 


10 
X 










SfE 


K 


K 








X 


K 










X 


X X 










I 




X X X X X 


X 




K 




K 


K 


K X 


X 


X 


X 1 


X X 


X 


K 


K 


X 


1 K 


X 










2 


1 


















2 


I 


1 




X :!t k: K M 


K 




K 




)! 


K 


K K 


K 


K 


X 1 


K -K 


K 


X 


It 


Ti 


X 


X 


X 








X 
X 


X 










K 


X i: 

X 










cycLe 


K 


1 




eye 


le 


X 


* 










cycle 


X 










K 


K 


K 








X 


X 










1 


K X 










L 




X X K }!; x: 


X 




X 




X 


X 


X X 


X 


X 


2 


X X 


X 


X 


X 


X 


L 


X 










L 2 


1 








1 










Z 


L 




X K K X X 


K 




X 




X 


X 


X X 


X 


X 


2 


X X. 


X 


X 


» 


X 


r. 




K 








X 

X 


X 










1 


X X 

X 










cycle 


X 


i 




eye 


le 


X 


7 










cycle 


la 










T. 


X 


3C 








K 


X 












X X 










1 


:i 


>t X X 5t X 


X 




X 

1 


1 

2 


X 


JC 

£ 


X K 

1 


K 


K 


K 


X X 


X 


K 


K 


K 


1 




}C K H. X K 


X 




X 


1 


K 


K 


X X 


X 


X 


X 


X X 


ie 


K 


K 


It 


K 




:i 








X 
X 


X 












K X 
X 










cycle 


X 


3 




eye 


le 


3£ 


$ 










cycle 


13 

X 










1 


X. 


J( 








X 


K 












K H 












t 


K K X X K 


X 




1 
2 


2 
X 


X 


IE 


K X 

2 L 


X 


TC 


K 


K T. 


X 


X 


X 


X 




Z 


X X X X £ 


K 




1 


3 


K 


X 


X K 


X 


X 


K 


X X 


X 


X 


X 


X 


1 


X 


X 










X 












X X 

X 










cycle 




^ 




cycl* 




& 










(END) 














X 










X 


























X 


K 








it 


X 
























2 


X X X M K 


M 




2 




!l 


X 


X 5C 


X 


X 
















1 






K 


2 


K 






2 


1 


















I 


K X K K It 


K 




2 




X 


K 


X X 


3C 


K 
















K 


K 








K 


K 
























K 










X 

























9a 

S tmu latijCm <f£ th* process of Ci«fiiiin;(^^ii(i Che AeCivaticm ELiStufttit. 

The pxPceBE of Activation in the pfftceftding simulaCton Iftiftvee 
SOfOfi garbage hL&cki,ng t]ve entrance to tht *etivatton eleinfiiit* By 
tli« Standard ccna trwttlon proceee diBcusse*! tftsfllerj tbe dirty 
activation element can ba trane f oma&d into ttiB c^nfi eviration In 
cycle &► Then an eraa Ing-wing seen enterinE irom tVi* left will 
dEsttOy Cbtfl sartage. 

eye La eyclje 5 

X ^ 

MI 3= S 

XX ixiKia X TJEXsxJt 

1 I 

IxltX iiixEX I ^:Kxsa:S 

1 It K K 3: K 

X X 

Cjnqlje 1 cycle 6 
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cycle 2 cjcla 7 
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